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PREFACE

This report has been prepared by the Committee on Biosphere Effects of
Extremely-Low-Frequency Radiation in responsz to a request from the United
States Navy for a study of the possibility that plants, people, amd other
animals would be harmed by the electric and magnetic fields associated with
operation of the transmitter of the Seafarer communication system propos 1
by the Navy. The Committee was established in 1976 and charged (1) to assess

the adequacy of existing data as a basis for determining biologic and ecologic

effects due to Seafarer; (2) to identify the effects, if any, that may be of

major concern; and (3) to identify critical inadequacies in the available data

and suggest research projects designed to produce necied data.

The Committee was not asked to ard did not consider such subjects as the
necessity of the system, possible alternative submarine communication systems,
technical feasibility, cost, or interference with telephone, radio, and tele-
vision. Nor has the Committee explored in detail local ecoloaic effects

that may be expected fram the installation itself; these should not differ

significantly from those associated with burying of telephore cables or natural-

gas lines and with highway construction, on which there is a large body of
knowledge and experience.

Seafarer (formerly Sanquine) is a system designed to nrovide communica-
tion with submarines amd other military facilities from a sinale transmittina
location in the United States. The system would function in the extremely-
low-frequency (ELF) band of the electromagnetic spectrum at about 76 Hz,

close to the 60 Hz used in electric power service. At this freauency,
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the signal could be picked up below the surface of the water, allowina sub-
marines to remain submerged and thus reducing s.ibstantially their vulner-
ability to detection and attack. Because this is a lorng-range system with
high power, a single transmitter should enable maintenance of essential
communication links to strategic ocean areas.

The extremely fow frequency implies that the wavelength of the Seafarer
signal in air would Ee Qery long (about 2,500 miles, or 4,000 km). This,
in turn, implies that the transmittinq antenna must be very long, if it is
to generate such a long-wavelength signal efficiently. The oroposal is to
install, in a grid pattern, 47 antennas, each 19-96 miles (30-154 km) long,
with spacing 3.7 miles (5.9 km) between parallel lines. The present plan
is to use undergrourd cables, although transmission would apparently be ecually
good with wires overhead.

The proposal to erect such a large system has aenersted many cuestions
and concerns within the scientific amd lay communities, esnecially with re-
agard to safety and to the impact on the ecosystem in the vicinity of a buried,
electrically energized cable and within the grid pattern itself. In response
to questions and concerns in many letters addressed to or referred to it, the
Committee has assembled and evaluated the pertinent scientific literature and
has consulted other scientists who either have contributed directly to knowl-
edge concerning possible effects of ELF or, by reason of their smecialized
experience, can provide expert assessment of the available data.

Part I of this report has been prepared especiallv to facilitate under-
standing of the issues by readers who do not have professional scientific and
technical trainina, This is done in recoanition of the needs of concerned

citizens and officials of the U.S. government to acauire a basic urderstanding
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of the facts--as far as they are known--on this controversial subject. The
glossary iz presented as additional backqround for Part I; it defines most

of the electric terms and concepts used in the report. Parc II, which paral-
lels Part I, contains the technical documentation for the conclusions reached
by the Committee. Part III consists of five papers written by members of the
Committee and consultants for the use of the Committee in its deliberations.

The Committee acknowledges its indebtedness to all who resmonded to

reauests for assistance and thereby contributed to this report. The Committee

is indebted especially to the persons listed as consultants.
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GLOSSARY OF ELECTRIC TERMS AND CONCEPTS

Electric current is the flow of charged varticles, usually of subatomic

size. Current flowing in a wire might be compared with water flowing in
a pipe. The rate of water flow can be expressed in gallons per minute;
the rate of current flow is expressed in amperes (A).

Each Seafarer cable would carry about 100 A. By comparison, an electric
toaster requires about 10 A and a 100-watt liaghtbulb requires about 1 A.
Current is sometimes measured in thousandths of an ampere, or milliamperes
(mA). A current as low as 25 mA, passed throuah tae human body, can inter-
fere with heart functioning and has bwen known to cause death.*

Voltage is the "pressure" that pushes current through a circuit, Water
pressure can be expressed in pounds per square inch; electric pressure is
expressed in volts (V).

Seafarer transmitters would apply several thousand volts to the antenna
cables. Some large power lines operate at hundreds of thousands of volts,
household outlets supply about 110 V, and a flashlight cell produces 1.5 V.,

Conductance of a wire carrying a current determines how much current
will flow with a given voltage. Conductance might be compared with the size

of a pipe through which water is flowing. Highly conductive objects (such

*Keesey, J. C., and F. S. Letcher. Minimum Thresholds for Physiological Re-
sponses to Flow of Alternating Electric Current Through the Human Body at
Power-Transmission Freaquencies. Naval Medical Research Institute Project
MRO05.08-0030B, Report No. 1. Bethesda, Md.: National Naval Medical
Center, 3 September 1969. 25 pp.
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as a copper wire) permit more current to flow with a given voltage. Resis-
tance refers to the same property of an object {such as a wire). Saying
that an object has high conductance is the same ag saying that it has low
resistance: resistancr = 1l/conductance.

Conductivity refers to how well a kind of material conducts electric

current-~copper, for example, rather than a copper wire of a particular

size. It can also refer to soil types. The conductivity of soil is important

in considering the possible effects of Project Seatarer, because variations
in conductivity from place to place affect how much current will flow in
specific areas near the antenna, ard that in turn determines whether there
will be local hazards--what might be called "hot spots." Conductivity of
soil is also important because it partly determines the "connection" of

an organism to a voltage produced by Seafarer. For example, standing on

wet soil could in some circumstances pose shock hazards for people or animals
where no hazard would exist on dry soil.

Power, measured in watts (W) or kilowatts (thousands of watts, kw) or
megawatts (millions of watts, MW), takes into account both the voltage and
the current that are used to operate a device or system. It is calculated
by multiplying voltage (in volts) by current (in amperes). For example, a
light bulb operating on 110 V and drawing 1 A of current would be using
110 x 1 = 110 W. Seafarer would require about 14 MW of power. A city of
100,000 people might require slightly less than 100 MW on the average.

Whenever current tlows, it oroduces an electromagnetic field. In con-

sidering the electromagnetic fields that would exist in the area covered
by Seafarer, it is useful to discuss two components of these fields: mag-

netic fields and electric fields.

i it Lon aact

PRt O




Cebie i am .
R M .

TS T TR A

A magnetic field is said to exist in a region if magnetic objects (those

containing, for example, iron) in the region experience a force. A simple
magnet has a magnetic field around it, and iron objects within the field

are attracted to the magnet. The earth's magnetic field acts on the needle
of a compass. An electric current passing through a wire also creates a
magnetic field. This effect is put to use in electromagnets, for example.
The intensity of a magnetic field is exoressed in gausses (G). For a Seafarer
antenna buried 6 ft (1.8 m) deep, the magnetic field at the soil surface di-
rectly above an antenna cable would be about 0.11 G, The earth's magnetic
field is relatively constant at about 0.5 G. Magnetic fields within a few
inches of some power tools and electric appliances range from 1 to 10 G,

ard even higher.

An electric field is said to exist in a region if charged objects in the

region experience a forca. Many people are familiar with static electric
fields—they can make a person's hair "stand on end." Electric fields are
described in terms of the voltage that exists over a given distance, usually
1 m (about 3.3 ft). A 12-V battery, connected to parallel metal plates 1 m

apart, would create a field of 12 volts pmer meter (V/m) between the nlates.

Electric fields can exist in various media, such as air, soil, and
water. Those of most widespread concern in the case of Seafarer would
be the fields in soil. If an electric field of 5 V ex.sts between two
points in soil 1 m apart, a voltage measurement taken between those points
will show 5 ¥, and a person standing with one foot on each of those spots,

in contact with the soil, would be in contact with 5 V.



An electric field in soil is sometimes expressed in terms of a step

potential. This simply refers to the voltage that would exist between a
person's two feet when he was taking a step. The step is assumed to be
1 m long, so a step potential of 5 V refers to an electric field of 5 V/m
in soil.

Navy specifications call for an electric field of 0.07 V/m directly
above an antenna cable buried 6 ft (1.8 m) deep. Ground terminal fields é

could be as high as 15 V/m. For comparison, the Navy has advised that,

in surveying existing fields in the soil around homes (fields resulting
from electric power systems), it found an average intensity of 0.09 V/m

(171 readings taken).*

0 Electricity can flow as direct current—constantly in one direction

through a circuit, as fram a battery——or as alternating current—with the

1 direction of flow changina. The current from household outlets is alter-

; -i nating current., Household current is supplied at a frequency of 60 cycles/ E
| second. That means that it undergoes a cycle—flowing in one direction, i
then the other direction, then back to the first direction--60 times each ;

second. The unit for cycles/second is the hertz (Hz); 1 cycle/second is é

1 Hz. Seafarer's current would be alternating at a center frequency of

TR T e

76 Hz, which is similar to that of vower systems. (See also the discussion ;

. of modulation below.)

*U. S. Department of the Navy, Naval Electronic Systems Command. Sanguine
System Final Environmental Impact Statement for Validation and Full-Scale
. Development, pp. 70-71. Springfield, Va.: National Technical Information
"{ Service, April 1972.
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That Seafarer's current would be alternating would be important in %
considering the project's possible effects on surroundings, for the fol-

lowing reason. When a magnetic field is varying, it produces a voltage

in nearby wires and other conducting objects. The variation can be one of
two tyves: the source of the field can be moving, or the current creating
the field can be alternating, which causes the field to grow and collavse ;
alternately. Therefore, Seafarer's alternating current would create voltages
in nearby objects, expecially in long metal objects like fences, pipelines,

and utility lines. The electric field in the soil near Seafarer would also

produce voltages in such conducting objects that are in contact with the

soil.,

ok ot d

Incidentally, the relationship between electricity and magnetic fields

Ra e

is the basis for electric motors and generators, as well as for broadcasting.

et

In an electric motor, the current produces a magnetic force, which is apvlied
- to give rotary motion. In a generator, a mov.ag magnetic field masses

i through coils or wire to produce a current.

Seafarer's electramagnetic field would also extend great distances—- 1

it would be detected and received by submarines. The field would be millions

2 B i

of times greater within the grid region than at submarines, however. The low-

a1 TESTEY TRRT ARTR T T YT e

intensity field present at the submarines would enable them to receive
‘i instructions--the process somewhat comparable with the reception of

conventional radio signals.

- Wavelength is related to frequency. It can be visualized in the follow-
| ing way: Think of a radio signal traveling outward from a radio transmitter q

at the speed of light, 300 million meters/second. A wavelength is the distance

that signal will travel during one cycle (one wave) at its freguency. High

-5—
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frequencies involve short wavelengths, ard low freguencies involve long
wavelengths. Stppose a radio signal is by-adcast at 100 million Hz
(100 MHz). Eacn cycle takes one one-hundred-millionth of a second. In
that time, the signal will travel 3 m {about 10 ft).

Antennas one-half wavelength long are paiticularly efficient for
broadcasting and receiving radio signals. In the example just given, an
antenna about 5 ft long would be efficient. The frequency of 100 MHz is
in the band used by ™ radio stations in the United States, and indeed
many MM antennas have an overall dimension of about 5 ft.

Seafarer, with its extremely low frequency, would have a very long
wavelength—about 2,500 miles (4,000 km). That is why such a long antenna
is to be used. Submarine receiving antennas would be shorter, perhaps a
few hundred meters long. The tiny signal available from such an antenna
would have to be detected and processed by extremely sophisticated receivers.

As described ahove, current in Seafarer cables would be alternating
at a center frequency of 76 cycles/second (76 Hz). However, although
power-system current alternates at a constant frequencv (of 60 Hz), Sea-

farer's frequency would switch back and forth between two fredquencies,

probably 72 and 80 Hz. This variation would be a kind of modulation

similar in some respects to FM (frequency modulated) radio. Modulating

the frequency-raising and lowering it within this band-would be the means

of sending information out to submarines. The modulation would be one

aspect of Seafarer's signals not comparable with fields from power systems.
"Radiation" is a term sometimes applied to the electromagnetic fields

of Seafarer. The term is accurate in the sense that a part of the field

e R

"radiates” to a distance, where it can be received. In a similar vay,
other radio and television signals are also "radiation,” as is visible light.

-6~ ]
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Different types of radiation (radio, visible light, x rays) differ

by virtue of their frequency or wavelength; those of lower freguency
(ELF, radio, etc.) have lower energies, while the higher frequencies,
including ionizing radiation, are of high energy anmd thus potentially i
more damaging. q
3
A ampere
AC alternating current 3
3
2
A/m ampere per square meter 3
o)
C degree Centigrade ;.
am centimeter ;
3 'f 2
., cm square centimeter 4
| 3 ;
L cm cubic centimeter .
&
oW continuous wave
F i dB/octave decibel per octave ;
. : ;
- DC direct current
gt
SN ELF extremely low frequency
' ‘ emf electromotive force i
TN i
o o E
; ! F degree Fahrenheit
a g gram
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G gauss
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Hz

kg

kv
kV/cm
kV/m
kW

mA/cm

mmho/m
MSK
mv

mV/cm

gigahertz

hertz

kilogram

kilohertz

kilometer

kilovolt

kilovolt per centimeter
kilovolts per meter
kilowatt

meter

milliampere
mill@ampere per square
centimeter
milligram

miliigram percent
milliGauss

megahertz

minute

milliliter
millimeter

millimho per meter
minimum shift keying
millivolt

millivolt per centimeter
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V/cm

v/m

max
V/mile
uF
ug
um

uV/cm

millivolt per meter
megawatt
chm-centimeter

statistical probability
value

contact resistance

body resistance

rotating magnetic field
route mean square

source resistance

second (unit of time)

"sudden infant death
syrdrome"

volt
volt per centimeter
volt per reter

maximal total voltage

volt per mile
microfarad

microgram

micrometer

microvolt ver centimeter

watt
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I. OVERVIEW OF EFFECTS OF PROJECT SEAFARER

During the last 50 years, we have witnessed exponential growth in

electromagnetic fields produced by man-made devices and engineering

systems. This growth has accompanied development of communication systems
that now blanket the earth. Extensions of these fields have also resulted
from the vast and still growing network of electric power distribution
R systems that are increasingly international in their ramifications.
Organisms have always been exposed to a wide range of natural electro-
: S' magnetic fields. Indeed, the evolution of life on earth has occurred in
the presence of an unceasing flux of natural fields, derived in great measure
from solar radiation and supplemented substantially at some frequencies by
. terrestrial electromagnetic disturbances, including thunderstorms. What
influence, if any, these natural fields have, for example, on growth and
. development, on seasonal or other cyclic aspects of behavior, or on aging
is only very poorly understoud. It may therefore be a cause for concern
that, lacking the basic knowledge about possible biologic and medical im-
portance of these weak fields, we have, in virtually every aspe = of civil-
ized society, proceeded with the develooment and application of electric
and electromagnetic Jjenerators that might cause exposure to fields that can
be much larger than natural fields at the same frequency.
i Therefore, while keeping in mind its charge to focus on potenfial
problems associated with the Navy's proposed Seafarer communication project,
the Committee has also been aware of the larger question: are there potential
N hazards in the exposure of living organisms to any such artificial extremely-

low-frequency (ELF) fields? The Committee has considered relevant backgrourd

material concerning the lower-freguency electromagnetic spectrum, especially

L

i
1
i
1
f
!
i
1

-
-~

in the region of 50-60 Hz associated with our electric power systems.
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In its review, the Committee has acknowledged that essentially every-

thing man undertakes entails some risks. Ideally, we should he able to
define the risks, measure them, and compare them with measured benefits
B that are foreseen. Despite some gaps in knowledge, it is such an approach
that citizens and their representatives may well use in reaching a decision
about whether to build Seafarer. We certainly cannot expect to predict the
! consequences of any decision of this sort with 100% accuracy, but decisions
2 must be made; the committee findinas and the research it has recommended
‘ ¢ should contribute toward wise decisions.

The Committee has evaluated the Navy's plans from many points of view:
environmental, ecologic, engineering, biophysical, biologic, and medical.
;" In evaluating research performed, the Committee has endeavored to assess

the merits, amd indeed the validity, of individual studies. This has been

%if necessary in a field in which the very nature of the research demands skills

a3 in many disciplines, includina biophysics and engineering, as well as eauiv-

: U alent competence in design and observation of complex hiologic exveriments.
The Committee has questioned many findings and discounted many of them be-

canse they failed to measure up to criteria, either in engineering aspects .

31 T Ry - =

of the experimentally imposed fields or in experimental design. 1Its review
has covered possible effects of ELF fields on plants, soil organisms, aquatic
- vertebrates, mammalian wildlife, birds, other animals, and man. j
An announcement in Juiy 1968 by a Wisconsin congressman that a U,S. :
Navy installaticn identified as Project Sanquine would be built in a large

. area of northern Wisconsin, including his district, stimulated intense public

controversy that persists to this day. The estsblishment of a Sanquine test

o

.
S
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facility at Clam Lake, Wisconsin, in 1968 was preceded bv Navy research on
ELF electromagnetic radiation going back to approximately 1960.

The current means of communication with submarines involves a network
of radio transmitters around the world whose messages can be received only
when submarines operate at the surface or no more than a few feet below it.
The Navy proposed Sanguine for sending signals to deeply submeraed submarines
throughout the world. 1In its simolest terms, the Seafarer system consists
of multiple transmitters, each connected to antenna cables buried in the
ground that in turn are connected to ground terminals. Alternating current
flows in a loop—-fram one side of the transmitter; through the antenna cable,
into the earth at a ground point, through the carth back to the other end of
the cable, and back to the transmitter, thus completing the circuit. 1In
flowing along this path, the current oroduces a siqnal whose sirenath devends
on how well electricity is conducted, ..e., on the conductivity of the earth
under the antenna. Because the nature of the soil and rock below the antenna
cables has a profound influence on performance of the communication system,
only a few locations in the United States have been identified for installa-
tion. For the current to flow deeply, and thus produce a more powerful
signal, a low-conductivity bedrock is needed under the Seafarer site; very
old, dry granite is highly desirable to ensure a strong, efficient signal.
Other sites involve less efficient and therefore much more costly sets of
circumstances. This explains the preference for such sites as Wisconsin
and upper Michigan, which have an underlying formation of old, dry granite
called the Laurentian Shield.

During the last 8 vears, Sanquine, with its desian altered several
times and its name changed to Seafarer, has been provosed for and opposed

~13-
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in several states, each of which has the desired low-conductivity bedrock. ;

The Navy is now focusing on the Uoper Peninsula of Michigan, just noru of

: the original Wisconsin site, as a preferred location for the oroposed system.
g In the fall of 1975, Michigan Governor Milliken extended a conditional in-

A vitation to the Navy to consider the Upper Peninsula as a site for Seafarer.
é ‘ He stipulated that an analysis by the National Academy of Sciences of the

! possible biologic and ecologic effects would enter into his consideration

in reaching a final decision on the matter.

3 Ny As mentioned above, virtually all human activities entail some risk.

1 : This report should provide details and some definitive information on the ;
effects—real, possible, and imagined~—of ELF fields, It does not attempt T

3 to go further and weigh riske against benefits.

THE ANTENNA AND THE FIELDS

° Antenna Design and Operation

Seafarer would consist of a qrid-like pattern of many antenna cables,
i each carrying 100 A of current. A look at how one cable would function

will show the basic concept of transmitting Seafarer siqgnals.

e

Figure 1 shows the operation of an antenna cable. The cable itself is

b5 to be an insulated heavy aluminum wire about 2 in. (5 cm) in diameter. It

would be many miles lona, buried about 2.5-6 ft (75~180 cm) deep in the

;i ground. Each end of the cable would be connected to a bare copper wire or
a network of such wires--a qround terminal--to form an electric connection.
\ to the earth. Navy specifications indicate that a typical terminal might
consist of two wires, each about 1,2 miles (2 km) long and at a 60o angle

from each other.

T e

o

it 2
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A transmitting station within the grid would send electric current
through the cable. The current would flow through the cable, into the earth
at the cable end, deeply through the ground, and back to the other end of the
cable. Thus, the circuit would be complete; the current. would flow in a large
loop consisting of the cable and the earth beneath it.

This flow of electric current would create electromaqnétic fields in
the earth and in the air above the earth, To nut it ancther way, the current
flow would produce a radio signal, similar in some ways to that of a radio or
television station. This electromagnetic siagnal would radiate into the space
between the earth and the ionosvhere (a region of charged particles hiah in
the atmosphere). Seafarer signals, unlike most other radio si~nals, would
effectively penetrate downward from the atmosphere into oceans and could be
received there. This unusual characteristic of tha Seafarer signal would
result fram the extremely low frequency, which is to be about 76 Hz--a much
lower frequency than used in other broadcasting. It would be about the fre-
quency of our electric power systems (60 Hz), which, although they are not
designed to send out signals, actually do so.

The strength of the ELF Seafarer signal that reached submarines would
depend, in part, on the total length of the antenna (the combined length of
all the cables) ard on the amount of electric current flowing throuah it;
longer cables and more current produce a stronger signal. However, the
strength of the radiated signal would also devend on another factor: the
conductivity of the earth below the antenna, i.e., its ability to conduct
electricity. The lower the zonductivity, the better for Seafarer, because

low conductivity would cause the current to flow deeply—-much of it must

flow several miles into the earth--as it traveled fram ore erd of an antenna

-16~

PP e
PR e st ol i, 23 M sk e



IRETTE W T e o e

I e okl B A .4

Za

cable to the other. The loop of current would be large and thus create a
relatively strong radiating field. It is the conductivity of the subsurface §
(the bedrock), not that of the earth surface, that is important for signal
radiation. Therefore, a long antenna, a large electric current, and a low-
conductivity bedrock are three requirements for Seafarer. Because suitable :
subsurface conductivity is found in only a few areas of the United States—
including northern Wisconsin, upper Michigan, south-central Texas, and some
places in Nrvada and New Mexico--the Navy has proposed building Seafarer in 3
such places. E
One antenna cable like that described above, even though hundreds of
miles long, would not produce a signal strong enocugh to serve Seafarer's
purposes. So the Navy plans to use a number of such cables. If cables are
placed aoproximately parallel to each other, they can be made to function as ;
one antenna equivalent in length to the total length of all the cables. To

give better signal coverage, a secord set of antenna cables would be added

i A Sl e,

at right angles to the first, forming a qgrid.

The Seafarer System Proposed for Michigan

The proposed grid pattern for the upper-Michican site is shown in Figure
2. The length of the cables ranges from 19 to 96 miles (30 to 154 km), with
an average of 57 miles (91 k). The planned average spacina between cables is
about 3.7 miles (5.9 km), although the spacing is obviously not uniform. The
47 antenna cables would have a total length of about 2,402 miles (4,000 km), and

2
the area lying within the grid would be about 4,000 square miles (10,360 km ).

The system would draw about 14 MW of power continuously. The cables could

follow existing roads and other rights-of-way for 64% of the total cable

-17-
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length, thus avoiding some areas where cable installation would be more
expensive, difficult, or undesirable. Power would be surplied to the

cables by underground wires from five transmitter locations within the arid.
The proposed size and power consumption of the overall system have been
changed several times since plans were first made mublic, owing rostly to
adaptation to different sites. If sites in either New Mexico or Nevada were
used, the installation would be much larger than that in Michigan. The
present proposal calls for total cable lenath and power to be roughly twice
those in the 1976 Michigan design, because the earth's conductivity in the

area was underestimated.

Seafarer Fields

For effective communication with submarines, the ELF field that is of
interest is the far field, i.e., the electromagnetic field in the far-away
oceans. For biologic effects, the near field—i.e., the field near the
source--is important, because it is much stronger than the far field. Sub-
marines can pick up the weak far field by sovhisticated electronic methods
not available to biologic systems.

With electric and magnetic near fields, the most obvious concern is the
potential danger of shock. But there could be other effects. In describing
the fields that the project would produce, we shall discuss fields within the
grid and those near the ground terminals separately. We shall also discuss
the electric- and magnetic-field components separately, to make clear some

important differences between them.

-19-
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Electric Fields within the Grid

As described earlier, current flows through the earth from e end of a
cable to the other. Most of it flows deeply, but some flows near the earth's i
surface and produces electric fields throughout the antenna grid.

Fields within the grid would be strongest directly over a cable--0.07 V/m,
according to Navy specifications. Thus, a measurement of the voltage between

two points directly over an antenna cable, and 1 m apart, would produce a read-

ing of 0.07 V. If a person put one foot on each of those points, he or she
would be in contact with 0.07 V, or about one~twentieth the voltage of a

: ? single 1,5-V flashlight battery. However, local soil conditions could result

L in voltages several times as high.

i lldead.

i I Measured over longer distances, the voltage would be higher. Two points

tﬁ 1 mile (1.6 km) apart would show about 110 V--more than enough to create ;

shock hazards. Precautions would therefore have to be taken with fences,

b pipelines, and other long metal structures near antenna cables in which such

TV T W T

J voltages might appear. Away from a cable, the electric field would be weaker:
1  100 m away, it would be about half as strong; and within the grid, midway be-
tween cables, the field would be about 0.02-0.03 V/m. Near the intersection

. of two cables, the electric field would be somewhat stronger--about 0.1 V/m,

o depending on the operation of the system.

T pren e

The electric field would also exist in the air above a cable. This air

Pa———

% field would be of about the same intensity as that in the ground. But an
organism in or on the ground would have a better connection to the field--in -

fact, the connection might be llion times better. If some sections of

¢

antenna cable were installed above the ground on poles, there would be an 1}
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additional electric field: a vertical field in the air between the cable and
the earth's surface. This air field would be considerably stronger than the

earth field produced by a buried cable, but it would be much smaller than the
air fields produced by most overhead commercial electric powerlines. It would

also be much more localized than the earth and air fields already discussed.

Magnetic Fields within the Grid

The current flowing through an antenna cable produces a magnetic field
that is strongest near the cable. However, with increasing distan~e fram the
cable, it decreases in intensity more rapidly than does the electric field.
The Navy has specified a magnetic field of 0.11 G (Michigan pr.. osal) at the
earth's surface directly over an antenna; but 100 m from a cable, the field
would be only about 0.002 G, The earth's magnetic field is about 0.5 G.

Because the magnetic field is so much stronger near a cable than even a
short distance away, the field strength at the surface depends heavily on the
depth of the cable. If the cable depth is 75 cm, instead of 180 cm, the mag-
netic field at the earth's surface would be more than doubled, to about 0.26 G.
However, because the magnetic properties of soil are essentially the same as
those of air, local soil conditions would not affect the field, amd it can be
calculated accurately. At cable intersections, the field could be about 1.4
times that along a cable. If the cable is placed overhead in some areas, the
magnetic field could be large for birds or other organisms that could approach

it closely.

-21-
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Electric Fields Near the Ground Terminals

The Navy has specified a maximal electric field of 15 V/m for arourd
terminals consisting of long horizontal bare wires buried about 180 cm deep.
The Navy has also specified that the design will limit the current through a
person who is standing near a cable to 1 mA. However, this specification
appears to be very difficult to implement in all cases; it is orobable that
local conditions (e.g., wet soil) and some activities (e.g., two people
carrying an aluminum cance) near ground terminals would expose people ard
animals to current higher than 1 mA and even to shock hazards.

The electric field in the around-terminal areas is a direct result of the
current that flows out of the long uninsulated grounding wire in all directions
ard into the earth. This current flow is qreatly affected by the conductivity
of the earth in the immediate vicinity. The ronductivity varies from place to
place——and fram time to time, as moisture conditions change. Therefore, the
current distribution and the electric field alsgo vary. For examole, suppose
that a puddle of water a few meters in diameter overlies a horizontal ground
wire, and that the surrounding area is quite dry. More current would be
flowing through the highly conductive wet area than through the dry area.

This concentrated current would produce much stronger electric fields in the
dry soil around the edge of the puddle than would exist if the ouddle were

not present.

Magnetic Fields Near the Ground Terminals

A magnetic field is produced by the flow of current and is more intense
near a concentrated current flow. The Seafarer magnetic fields would be less

intense in the ground terminal areas than along an insulated antenna cable,
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because the current in the ground-terminal reqions would diffuse into the

earth over the length of the bare gqround wire.

Antenna Fault Conditions

This discussion so far has dealt with field intensities to be expected
near Seafarer when it is operating as designed. However, it is important to
consider what happens when operation is faulty, for example, when a break
develops in antenna-cable insulation.

Such breaks should be anticipated. The few miles of buried cables at the
Wisconsin Test Facility developed several faults during several hundred hours
of operation. Seafarer's 4,000 km of cable, although it may be of much better
design, cannot be expected to be completely fault-free. Where a fault occurs
in cable insulation, current can "leak out" into the ground, and that would
create a substantial voltage difference over a few feet of earth. A person
walking in the area could be exposed to hazardous step potentials.

A fault can be repaired when found. The problem is to find it auickly
and disconnect the affected cable before peoole can be harmed. The Navy has
presented plans to detect ard repair faults; however, the adequacy of these

plans has not yet been demonstrated.

Comparison of Seafarer Fields with Existing Fields

Seafarer would produce fields similar in several respects to those already
common in the environment, such as electric and magnetic fields produced by
electric power systems. What, then, would be noteworthy about Seafarer fields?

What unique conditions would Seafarer bring to the environment?
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One difference is in frequency and modulation; power systems are at a
single frequency (50 or 60 Hz), whereas Seafarer's Fields would switch back
and forth (i.e., be modulated) between two different frecuencies, probably
72 and 80 Hz (this is referred to as a nominal value of 76 Hz, which is the
center frequency). Although one study suggested that such modulation has
biologic significance, other work has not given similar indications.

Furthermore, an important and fundamental difference is that power
systems use wires for the complete circuit, whereas Seafarer current must
travel through the earth, that is, utilize a ground return; the resulting

fields would be different in several ways.

Ground-Return Electric Fields in Soil and Water

Organisms are coupled to fields in soil or water more effectively than
to fields in air, so the fields produced by Seafarer qround-return currents
in soil and water should be of special concern. Although opowerlines are not
designed to send current through the earth, they do typicallv produce a small
earth current, which results in an electric field in earth whose intensity is
a small fraction of that of the Seafarer field.

Near the Seafarer ground terminals there would be earth fields of even
greater magnitude than along the antenna cable. Aand, although vowerlines
also have ground terminals, these are designed to handle fault conditions
in a system and are not for continuous operation with substantial current.
Therefore, Seafarer ground terminals do not have a real counterpart in power

systems.
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Electric Fields in Air

Powerlines produce electric fields in air between wires and the earth.

The vertical fields may be thousands of volts per meter, comoared with less

than 1 V/m in soil for Seafarer. Because of the differences between air 3

fields amd those in soil, however, these numbers alone cannot be regarded A

as a measure of the relative biologic immacts (or potential immacts) of the

K two situations. i

If Seafarer cables are strung overhead in some places, they will also

produce vertical electric fields. However, these will be less intense than ]

? those produced by many powerlines.

Magnetic Fields

"l e Lo s

‘. In a powerline, current at any instant is flowing "out" through some
wire or wires amd "back" through others. Wires with opposite and egual

v currents produce magnetic fields that tend to cancel each other out,

Because of such cancellation, magnetic fields near powerlines are less

9 intense than they would otherwise be. Althouagh oowerlines sometimes carry
? currents much larger than those of Seafarer, the magnetic fields directly
ir under them are typically about the same magnitude as those directly over a j

N Seafarer antenna cable.

Fault Conditions

. Another difference between Seafarer and nower systems lies in the condi- %

3 tions that would be produced by faults, such as breaks in the cable insulation.

!
} Buried powerline cables are generally encased in a heavy metallic shield, ii

so insulation breaks are unlikely to oroduce leakade of current into the
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ground (as would be the case with Seafarer). In addition, the presence of
this shield in powerlines means that an undergrcund insulation break almost
certainly results in a short circuit. The short circuit is obvious, so power
can be quickly shut off and repairs made. With Seafarer, however, there is
some question about how quickly faults can be detected. In the time between
occurrence and detection, there might be hazardous fields.

Seafarer cables cannot be shielded to avoid the problem. A shield would
compromise the transmission of radio signals by providing a return path for
the current, which must flow deeply in the earth if Seafarer is to transmit

effectively.

Fields Produced by Home' Appliances

In addition to fields that result directly from wiring and nearby high-
voltage lines, home lighting avpliances, and electric equipment produce mag-
netic and electric fields. Magnetic fields as high as 25 G are common in
areas hear power tools, mixers, hair-dryers, and other devices with trans-
formers or motors. However, few peonle or other organisms are close to the
sources of such fields for long periods, so again the analogy to Seafarer
is not totally appropriate.

Electric fields of home appliances may have strenaths of many volts ver
meter, but the fields are usually in air. An electric blanket may produce a

field of 200-300 V/m in air, but the electric current that flows in a person

under that blanket is considerably less than that in a person who walks along

a Seafarer antenna cable and whose feet make good contact with the soil,
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BIOPHYSICAL AND EXPERIMENTAL CONSIDERATIONS

Coupling of Electromagnetic Fields to Organisms

If organisms are to be affected by electric or magnetic fields, they must
be coupled to ("connected" to) the fields. Two kinds of considerations must
be made in assessing the coupling of organisms to fields: the wavelenath of
the signal and the medium (air, soil, or water) through which the organism is

coupled to a field.

Effect of Wavelength

As described by fundamental physical laws, electromagnetic energy comes
in quanta ("packets"), which are determined by the wavelengtn of the radiation,
At shorter wavelengths, there is more eneray ver vacket. The "density" or
"compactness" of enerqy is very important; an analogy might be drawn with an
ordinary electric blanket that dissipates in about 5 s as much energy as is
conveyed by a small-caliber rifle bullet in flight. The deadly effect that
the bullet can have is a result of its energy's being mut to work in a very
short time and small area.

In a similar way, radiation can concentrate its impact on a target with
destructive effect. But the energy actually brought to bear on structures
in an organism depends on wavelenath. At short wavelengths, measured in
billionths of an inch or nanometers, we see the drastic disruptive processes
associated with x rays and cosmic rays that are known to produce cancers and
mutations by damaging structures in cells. These effects are possible, even
though the total energy in the rays may be low, because the eneray is concen-

t:ated.
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At intermediate wavelengths, measured in millionths of an inch or micro-

meters, we move into the ultraviolet spectrum, which produces sunburn and some

other effects; at slightly longer wavelengths, we move to visible light, which
has such beneficial effects as permitting vision and providing the eneray for
piént growth.

Progressively longer wavelengths are those of radio waves, down to ex-
tremely low frequency, or ELF, with progressively less energy ver packet.
This energy-wavelength proyression implies that all ordinary radio waves, from

- microwaves to ELF, can be absolved of suspicion of any "radium-like" action in

POES

which the particle (quantum) energy would be sufficient to damage cell mole-

cules or structures.

Effect of Medium

The wavelength of the fields produced by Seafarer or another source is
not the only consideration in evaluating possible effects on organisms. Near
¥ the system, the intensity of the fields and the medium in which they exist are
E also important. Fields in air must not be equated with fields in soil or
water; the coupling, or connection, of the organisms to the fields is affected
by the medium--specifically by the electric properties of the medium.
£ Suppose a source producing 100 V is connected to two parallel metal plates
1 m apart. A person standing between them would be exposed to an electric field
(over 100 V/m) in air, but would probably not realize it. However, a person
A who touched the plates would become more effectively coupled and would receive

a shock. Similarly, if the space between the plates were filled with soil, a

i plant or animal placed in or on the snil would have much more current pass
through it than was the case in the air field, because the soil would couple

Y the organism to the field much more effectively.
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Conductivity of soil varies widely with moisture conditions and soil type.
This variation is of special concern for Seafarer, because it can result in
higher-than-specified field strengths at some places along antenna cables or

ground wires. Water can produce even better couplina than soil.

Types of Effects

Electric and magnetic fields may produce effects in crganisms. Same of
the effects are well established and are associated with particular intensi-

ties of fields or electric current. Others are more speculative.

Heatigg

Electric current, vassing through tissue, can oroduce heating much like
that when current passes through a heating element in an electric appliance.
However, heating great enough to be of any concern for organisms occurs only

with currents far greater than Seafarer would typically produce.

Excitation

Electric currents can directly excite-—-cause response in—living matter.
Applied voltages produce current flow, which in turn produces responses in
humans and animals. The current can be cateqorized with respect to its effect,
as follows: current that can be perceived (about 1 mA), "let-go" current
(about 10 mA, the current that interferes sufficiently with muscle contrel,
so that a person cannot let go of the currant source once in contact with it),
and current. that will cause heart fibrillation (100 mA, or less). Some bio-
logic systems are known to have special sensitivities to much smaller electric
currents, even below 1 pA. Some of these responses may not involve classical

excitation.
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Field Force Effects

Electric fields exert a force directly on matter. Bits of lint are
attracted to some types of clothing because of static fields. Seafarer
voltages are much lower than those known to have any significant effect on

living matter by this mechanism.

Magnetic-Field E%ffects

Less is known ab<'>'ut possible interactions of magnetic fields with
organisms than is the case for electric fields. Some bacteria are known
to respond *o magnetin fields, and increasing experimental evideﬁce suaaests
that bees amd birds are able to detect and use the earth's magnetic field.
An important difference is that the earth's fields are steady (DC) fields,
whereas Seafarer fields would be alternating (AC), about 76 times per second

(76 HZ).

Design and Interpretation of ELF Biologic Experiments

In its review of experiments concerned with possible ELF field effects,
the Committee has become acutely aware of the critical imoortance of how ex-
veriments are designed ard executed and how results are interpreted. Even in
experiments that apoear to be impeccably olanned, it is easy to come to in-
correct conclusions. The Committee has examined a numher of cases in which
a claimed effect of an ELF field was very likely an effect of somethina else
in the experiment and cases in which no effect was found, but the design of
the experiment was such that probably none could have been found even if it
did exist. Any experiment is subject to pitfalls (see Apnendix E), and this

is especially true in investiaations of possible weak ELF field effects on
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organisms, where known or even postulated mechanisms by which ELF fields could
produce effects are lacking.

Consider the matter of Jose-effect relationships. Depending on the
mechanism, an organism might respond in different ways to an increasing
dosage of, for instance, light. There might ke a threshold, below which no
response occurs. Or the resoonse miaht be directly proportional to dosaae
over a wide range. Or the effect miaht qo through a maximum and decline
at higher dosages, so that same effect occurs at low dosages, but not at
higher ones. Or there may be positive effects at one dosage and negative
effects at another; plant movements in response to light are classical
examples of this.

Frequency is also related to mechanism in the desian of exneriments
on effects of ELF fields. The importance of frequency is clear in the case
of visible light--for example, blue light may have an effect where red light
does not; a red s;felight in a photograrmhic darkroom will not expose en-
larging paper, but blue light will. 1In biolugic systems, as in photosyn-
thesis or vision, one color may be very effective and another less effective.
The interpretation of this is that some fregquencies are absorbed and others
are not; those absorbed nave the notential for producing an effect, and
those not absorbed cannot have effects. This is clearly applicable to
Seafarer: without knowledge of the nature of the absorbing elements
(and thus the mechanism), it is very difficult to know whether exveriments

done at frequencies other than 76 Hz are pertinent.

Among other matters to which attention must be given in this research are

the possibility of synergistic effects (in which two agents act together to
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produce greater effects than the two separately), the existence of background
ELF fields in the laboratory or research site, and the effects of duration
and intensity of exposure. The possibility of latency-—a delay in onset of
the resnmonse—-must also be considered.

Another reason for special concern in the evaluation of ELF research is
that the stated exposure to an electric or magnetic field may not have been
the actual exposure. An organism or substance nlaced in a field may change
that field itself, and sometimes the coupling cannot be readily calculated.

For example, suppose that fruit flies were olaced in a glass tube sug-
pencad between two plates, between which there is an alternating electric
field of 1,000 V/m. If the qglass were very clean, the field in air in the
tube would indeed be about 1,000 V/m, but even a slight film of moisture on
the tube would change the field inside. Or suppose that a man were asked to
sit with his head between the two plates while electric signals from his
brain were recorded. The field might produce some current in the person's
skin ard skull, but might or might not reach his brain. Therefsre, although
the experiment might be presented as a test of the effect of this field on
the brain, the brain might not have been exposed to the field at all.
Furthermore, the wires or other eguipment for recordina brain activity might
be affected directly by the field: they might record ELF effects on them-
elves that would be interoreted as effects on the brain.

In addition, even with completely honest, coomerative, and well-
intentioned reorle, it is difficult to avoid generating imagined symptoms.
For example (see Appendix E), subjects in one experiment were asked to

determine the presence or absence of ELF fields in a test orocedure that
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usually involved switching the field on and off and then asking the subjects
whether they could sense it. They could not. Some (not all) subjects experi-
enced headaches every time they went through the test procedure. On some

days, unknown to the subjects, the test procedure involved no exposure what-—
soever to ELF fields. Nevertheless, the subjects prone to "magnetic headaches"
reported an equivalent number on those days. This experiment indicates that
the headaches were not due to the presence of an ELF field, but rather were,

in a sense, psychologic reaction to the test procedure.

Other concerns caused the Committee to discount some of the experiments
reviewed. In some cases, it was felt that blimd scoring should have been used
where it had not been. Blind scoring is a practice intended to prevent 3
scientist's expectations-—conscious or subconscious--from influencina his ce-
sults. For example, an experiment may involve two aroups of plants, one ex-—
oosed to a chemical and the other (a control aroun) not exposed. The results
with two groups must be evaluated and compared. If the person examining the
plants knows which ones were exposed, that might affect his evaluation. In
two recently published cases, experimental effects that had ineen reported
in the absence of blind scoring could not be confirmed when blind scoring
was used. One case involved the induction of chromosomal aberrations with
an ultrasound fetal monitoring device; another concerned a possible hiah rate
of chromosomal abnormalities in people exposed to some aerosol spray adhesives.

The Committee found that some other ELF exveriments lacked approoriate
controls and that in some the descriptions of the rhysical setup made it
difficult to be sure of the experimental differences between "exvosed" and

"control" organisms.
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It should be stated that many of the studies that ourport to show no effect
of ELF fields are also not above criticism. The numbers of subjects studied
were often too small to reveal any but the largest of biologic effects; known
sources of concomitant variation were often controlled poorly or not at all,
and could therefore cbscure a real effect; the experimental endooints were
not always wisely chosen. The Committee has not enlarged on these inadequacies
on an experiment-by-experiment basis, because, in the absence of an effect
(whether real or artifactual), an appraisal of the possible impact of exveri-
mental shortcomings becomes an exercise in prophecy, rather than analysis.

Some of the criteria used by the Committee for assessing the results of
research on ELF biologic effects are as follows:

® The techniques used should be chosen to avoid effects of

such intervening factors as microshock, noise, vibration,
and chemicals.

® Extreme care should be .aken to determine the effective

ELF field, voltage, or current in the organism.

® The sensitivity of the experiment should be adequate to

ensure a reasonable probability that an effect would be
detected if it existed.

e The experimental and observational techniques, wethods,

and conditions should be objective. Blind scoring should
be used whenever there is a possibility of investigator

bias; likewise, data analysis should be objective.
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e If an effect is claimed, the results should demonstrate
it at an acceptable statistical significance by application
of apnropriate tests.

® A given experiment should be internally consistent with
respect to the effects of interest.

e The results should be cuantifiable and susceptible to
confirmation by other investigators. In the absence of
independent confirmation, a result is classified for the

Committee's ourposes as preliminary.

BIOLOGIC EFFECTS OF ELF FIELDS

For the Seafarer communication system, the Navy has specified an oper-
ating frequency of 76 + 4 Hz and maximal field intensities of about 0.1 V/m
ard 0.37 G directly over antenna cables in the qrid. The fields would he
less intense at greater distances from the cables. For the around-terminal
areas, the Navy has indicated that the maximal fields would be 15 V/m and
0.11 G,

Two classes of biologic effects have been considered and evaluated hv
the Committee. One of these is electric shock, classically associated with
high-potential or high-current fields. On the basis of Navy soecifications,
the Committee has identified two types of circumstances under which shock
hazards might be of concern: near ground terminals; and in cable failure
(which may produce higher electric fields locally tharn normally anticioated).
The hazard in the first case may be alleviated by altering the desian of the
ground terminals, and that in the second by developing a raoid amd reliable

detection system.
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The second class of effects embraces diverse biologic responses to weaker
fields, which have been studied in several organisms, as discussed below. In j
the review of these studies, it has been of qreat concern whether these re-
sponses to Seafarer fields might cause significant and adverse biologic per-
turbations. It is the Comittee's considered opinion that there is not now any
good evidence of such oerturbations.

The Seafarer signal would be modulated, but relatively few of the studies
reviewed by the Comnittee have involved modulated fields. With one exception,
no differences in effect were observed between modulated and unmodulated
signals. The exception, which needs confirmation, involved differences in
nuclear replication intervals in a slime mold grown under strictly controlled
laboratory conditions. The differences were eguivalent to those produced by
temperature changes of about 1O C, which would affect only sliahtly the growth
and develooment of the organism.

The Committee sought and reviewed all relevant evidence, Most of the i
questions and studies can be arouned systematically for discussion accordina
to the possible effects: shock hazards; genetics; fertility, qrowth, and

development; physiology amd biochemistry; behavior; anl ecology.

Shock Hazards

Electric shock occurs as a result of the passane of electricitvy through ]

the body. Body current can result from direct contact with conducting ma-

ter:ials at different electric potentials or from exmosure to air electric
or magnetic fields. In Seafarer, the air electric and maanetic fields

are far too small to produce body currents large enough to constitute a shock

~-36~

RN T £ e 5 £ Semr e s



e o ¥ et el S i) o P 4 it i b o i
el‘

hazard. However, direct physical contact with conducting materials at different
electric potentials can result in much larger body currents. The amount of
current flowing depends, in the simplest terms, on how high the voltage dif-
ference is and on the resistance to flow--not only the resistance of the body,
but the resistance of the "contacts" between the body and the objects. Thus,

if one moistens one's fingers and touches the two poles of a battery, the
current flows better (because salty water conducts better than dry skin), and

one feels more 6f a shock.

The shock is felt because nerves are excited, and nerve impulses are

! generated. Nerve impulses themselves are electric in character, so current
passage from an external source is a very effective way to stimulate nerves.
Mild stimulation itself need not have any adverse consequences, but, as is
well known, higher currents can have adverse and even lethal effects.

Electric shock of this type amd the attendant hazards are well known.

o A rule of thumb is that one can feel a current of 1 mA (it will tickle); at

10 mA, the shock is so severe that muscles are paralyzed and one cannot re-

2,

lease an object held in the hand (this is the "let-go" current); and at

TR A S FR L T T gy
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100 mA, the heart stops its normal beating and goes into fibrillation. All

these are approximate currents, and vary with the individual and other factors.
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The Underwriters Laboratories safety limit is specified at 5 mA.
The Committee believes that the Seafarer project as svecified by the Navy
A would not systematically oroduce shock hazards. However, because of the larae
area covered (even by the around terminals alone), the possible variations in
: soil conditions, and the many years of continuous operation, it is not difficult
to visualize the possibility of shock if the 15-V/m specification for the ground

terminals is used.
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One case that is of concern involves wet earth or mud overlying drier
earth of low conductivity. Such wet-over-dry conditions could result from
rainfall or snowmelt. In these cases, there may be a shock hazard for a
person walking directly over the ground terminals; and it may be more serious,
for example, for two persons carrying an aluminum canoe or any long metallic
object or for a person stepping onto a tractor that is hitched to a plow
lowered into the ground.

Modification of.ground-terminal design could reduce the maximal fields
considerably amd reduce the shock hazard. One possible modification mentioned
by the Navy would involve the installation of vertical around terminals into
wells drilled in the earth.

A shock hazard could also arise as the result of cable faults. For
instance, if insulation on an antenna cable in the qgrid became damaged and
current leaked from it into the ground, very high fields could appear; these
could he dangerous even without wet soil. Such a problem is comlicated bv
the possible difficulty in finding faults. They might exist for some time
before they are corrected. Several faults have apreared in the relatively
short section of buried cable installea at the test facility in Wisconsin.

" rar ard reliable method of detecting such faults is necessary to alleviate

this problem.

Genetics

Genetic effects are those which cause an alteration in an organism's
hereditary material, i.e., chromosomes or deoxyribonucleic acid (DNA). If
e Liealte-c.ons, such as point mutations or chromosomal damage, were

induced by low-frequency fields, there would be clear cause for concern,
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because such effects are generally detrimental and can affect both the
organism itself and its offspring. Numerous environmental agents do have
genetic effects, for example, ionizing radiation, fission products, ultra-
violet light and chemical mutagens. But, on both theoretical and exveri-
mental grounds, the Committee believes that ELF fields are not likely to
constitute a genetic hazard. The few exveriments that have indicated possible
effects have generally been poorly designed and have not yielded the same
results on repetition. On the basis of a careful search and evaluation of

the literature on this subject, it seems most improbable that additional

studies would alter the Committee's conclusion.

Fertility, Growth, and Development

Reproduction and the attendant developmental processes represent crucial
stages in the life history of an organism. An alteration in some develoomental
process during embryonic stages might result in a permanently impaired adult.
A well-known example of an agent that causes such an effect is thalidomide,
which does not damage the adult, but results in malformation in a developing
embryo.

The Committee reviewed research on the subject that made use of mice,
rats, chicks, and tadpoles. Several such studies revorted effects on litter
size in mice and on growth in rats and chicks. In some, poor design, inade-
quate data analysis, and other problems cast doubt on the findings. In only
one case were any effects (altered growth rate in rats) attributed to fields
at a low intensity comparable with those of Seafa}er. When that exneriment

was repeated, no effect was found. In general, the eviderice indicates that
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there should be no concern for possible effects of Seafarer on fertility,

growth, and development.

Physiology and Biochemistry

This category includes alterations in the functioning cf some basic
cellular or organismic process that, although adverse, may be reversible.
Effects of this type that have been suagested as due to fields like those
of Seafarer include effects on cell division, an increase in serum tri-

glyceride content in exposed humans, and alterations in circadian rhythms.

Cell Growth and Division

Cell growth is the fundamental mechanism whereby living matter increases
in mass. Cell division is necessary either for achieving an increase in cell
numbers or for maintaining a total cell population. Both processes may also
be relevant to physiologic, behavioral, and ecologic phenomena.

A change in the rate of cell growth or division might or might not be harm-
ful to the cells or mopulation, depending on the particular conditions. For
example, a small change in temperature (a few degrees) causes a change in cell
growth rate, but is not deleterious so long as it is a balanced effect—-i.e.,
so long as one biochemical process does not get out of line with others.

In most studies of cell growth and division biologic effects have been
reported, but at intensities higher than those of Seafarer. However, one
study, on the time between nuclear mitoses, used Seafarer intensities and
reported effects. The Comittee has examined this study carefully. It

used an unusual cell system and involved scoring for induced synchronized
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mitoses in a large multinucleate cell. The absence of blind scoring was of
special concern, because subconscious investigator bias is widely recognized
as a source of error in science (as discussed earlier)., From the data avail-
able and with the proposed ELF fields and frequencies, the Committee does not
believe that the effect, if confirmed, is reason for concern. Other aspects of
the growth and physiology of the cells appeared normal. The Committee never-
theless believes that there should be continued study of this general Juestion,

possibly with different tvpes of experimental material.

Serum Triglycerides

Serum triqglyceride concentrations in connection with ELF fielils have aroused

much interest and concern. The question originated with & study at the Naval
Aerospace Medical Research Laboratory at Pensa-cola* in _3:971, which indicated
that serum triglyceride content might be incs 15&3?‘{: & ‘q‘}equenr; of exposure
to an ELF field. The resear;:hers themselveé: éluesgi;ong . the validi® of the

chservations; of a large biattery of gderminations, th_: determination was the

Loy of g ,

. . e A . s .
only one in vhich some pxysgle N W ¥ ~uggested, and its r:elaff'xon to the
o s A .

/

ELF field was not clear. 7The exﬁ}'_'yg'_ént was discissed py an ad _h_q_q Comnittee
rFa

for the Review c¢f Biomedical and Froiogical Effects cf- ELF Radiation in a

meeting (December 6-7, 1973) sponsored by the U.S.q;\la‘\l/y Bureau nf Medicine and '

r
Surgery. The ad hoc committee pointed out that the number of sudjects was too

small to exclude other possibl® causes and that the experiment;sl desian was
0 » * . + 1]
inadequate in other respects. A‘,Htudy of personnel at the Wisironsin Test

v av, ~‘ a2

Facility was also deficient in manv respects.

-~

-
The ad hoc committee recommended (1973) the develoomers LI experiments

N h
with an appropriate animal model and studies with humans. Msearch has now
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been carried out with monkeys over extended operiods, under nearly ideal con-
ditions, and with excellent protocols. It vielded no indication of any changes
in a variety of measured physiologic characteristics, including serum tri-
glyceride content. The present Committee has not adopted the recommendation
of studies with humans. Properly designed human studies present many diffi-
culties; and human exveriments with triglycerides compound the difficulties,
because the values in man are known to be capricious and subject to a variety F
of poorly understood factors, such as stress in confinement and aietary re- b
plication. There is reason for much (perhaps more) confidence in well-

described and well-executed experiments with animal models. On the basis of

these experiments, the Committee believes that Seafarer fields will not have

P

- an effect on human triglycerie concentrations.

- Circadian Rhythmicity

el ke i A et

Circadian rhythmicity is related to the daily physiologic cycles exhibited

by man and other organisms--for example, the sleep~wakefulness cycle amd daily

temperature cycles.
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Circadian rhythms have been reported by some workers to be sensitive to ]

ELF fields. Effects in human subjects have been reported by one laboratory.

i The experiments involved shielding against the natural backaround fields; 3
there was a very slight increase in the period of the daily rhythm (about
A 15 min out of 24 h) and desynchronization between different rhythmic functions.
These chanaes could be reversed (to normal) by the introduction of a weak

P electric field at 10 Hz, The proposed Seafarer antenna would be different:

it would add to the natural background, not eliminate it, and the Seafarer

frequency would be about 76 Hz, rather than 10 Hz. Furthermore, the

%é -42-
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experiments with humans eliminated all environmental time cues, whereas
organisms exposed to Seafarer fields would be under natural conditions with
respect to daily cycles of light and temperature. Experiments have been ner-
formed by another laboratory with silk tree leaflets, flour beetles, and mice
under such natural conditions and with Seafarer frequency. No alterations
in the circadian rhythmic phenomena were found.

The Committee concludes that there is no reason for concern about possible

adverse effects of Seafarer on circadian'rhythms.

Behavior

Behavior represents the results of complex processes and their interac-
tions. An alteration of a behavioral resnonse may reflect significant chanaes
in physiologic or anatomic determinants. Effects could be exemmlified by
deviations in behavioral patterns involving predation, migration, reoroduction,
and territoriality. There are many examples of gnvironmental factcrs that
influence behavior, such as subliminal stimuli, pheromones, ultrasound, and
drugs.

Experiments in the last 10 years have revealed that, as shown by bebavior,
some organisms have unexpected and unusual sensitivities to weak magnetic or
electric fields. It cppears that the organisms have some special sensory
adaptation that permits them to perceive these fields in relation to nmarticular
biologic functions. ‘'These cases cannot be considered to be representative of
how Seafarer fields would affect biologic systems generally, but rather are
examples of perturbations in the normal behavior of some organisms based on

the detection of fields. Each is a special case.
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Fish

Some species of fish have an extraordinary ability to perceive electric
fields and use it to detect prey. There seems to be no possibility that the
proposed antenna would interfere with this phenomenon in the ocean, because
the field strength in the oceans would be lower by several orders of magnitude
than that used by the fish. Within the area of the antenna grid itself, the
field intensities expected are comwarable with those used by the fish, so that
freshwater species might detect the fields. However, it is not known whether
the fields, if detected, would interfere with the animals' normal behavior and,
if so, to what extent the animals would be able to compensate or adapt. Experi-

ments are required to clarify this.

Bees and Other Insects

Steady magnetic fields affect the orientation and the comb-building he-
havior of bees. The studies reported involved constant fields, not alternating
fields as would be generated by Seafarer. Thus, the insects would probably not
detect the Seafarer signal; and even if they did, it is not clear whether they

would be adversely affected. This point should be investiated.

Magnetotactic Bacteria

An interesting recent discovery is that some bacteria exhibit magnetotaxis,
i.e., they move toward the earth's magnetic north pole. It is probable that
they also do not respond to an alternatina field; if that is true, thev could
not be adversely affected by a Seafarer field. The new finding is nevertheless

important and requires further study and evaluation.
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Birds
There is evidence (much of it recent or from exveriments still in orogress)
*hat some birds are sensitive to steady magnetic fieids and that geophysical

magnetic cues may be used in orientation and navigation. There are a variety
g

¥
i

B

]

3
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i
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of lines of evidence, coming from radar tracking of migrating birds, the behav-

ior of homing pigeons, and examination of individual orientation during nocturnal

migratory restlessness. Most (but not all) experiments and observations have .

s mimm 1 rn
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dealt with static-field effects, so it is not oossible to nredict ressoonses to

a complex matrix of alternating fields. It is also difficult to model accurately

.

the extent by which the Seafarer antenna might alter orientation or, indeed,

i T ) Rt s 1

whether birds might be able to comoensate for any possible effects. There is
v evidence that migratory birds errerience some deviations owing to fields of the

Seafarer type. But there is also evidence that actively migrating birds avail

R R TV AR
-

L themselves of a varietv of redundant cues; thus, the exverimental distortion of

2y

magnetic fields does not necessarily imply that there would be a significant i
N change in migration vatterns. Although this might occur to some dz3ree, the

evidence is insufficient to provide an estimate of the effect of a modulated

S

E ?f grid-like magnetic anomaly. The effects, if any, of field oerturbations of an

; elaborate powerline grid have never been investigated. HYowever, the Committee

% believes that continued exverimentation concerning bird orientation and navijation
o is merited and that, before any antenna is constructed, the migration oatterns

in the area should be studied, so that they can b2 zomared with oatterns Juring

antenna ooeration, and careful studies by radar tracking should be continued

L . . ' . -
RN using available ELF sources, such as the Wisconsin Test Facility. 1t should

be noted that most massive bird miqrations occur along a broad front amd at

R =

very high altitudes, where the Seafarer field would be extremely attenuated.

-45-

FOE AT A s ey e

<RaPE R i i T

A vl s 6 b s e D R e e




-

TR T R < e e

.
]

o

¥

i

~

xS

-

R T

e e

N
.
5

:
|
\
'
{
5
!
\
j
1

Mammal ian Neurophysiology and Behavior

Physiologic functions in the mammalian brain are associated with the
electric activity of its nerve cells. Two tyves of electric activity occur
in brain cells. One involves nerve impulses that last only a few milliseconds.
The other, apparently peculiar to brain cells, is the generation of slow,
rhythmic waves with a frequency spectrum of approximately 1-i00 Hz. These
are familiar to us through the electroencephalogram (EEG), an important tool in
diagnosing brain activity and functional state. Althouah there are preliminary
reports of altered physiologic functions and behavior in mammals exposed
to environmental electric (1-100 V/m) and magnetic (1-10 G) fields, these
have not been confirmed and involved hiaher electric-field intensities ard
lower frequencies than those associated with Seafarer.

Behavioral tests in such ELF fields have heen verformed with rats, monkeys,
and man. They include reaction-time studies, subjective estimates of the mas-
sage of time in monkeys, ard a variety of operant-task certormances. Manv of ;
these studies have had negative results at field strergths of 1(-100 V/m and
frequencies helow 100 Hz, including the provosed Seafarer freouency of 76 Hz.
However, some positive findings have been revorted. In monkevs, shortening of
subjective estimates of a 5.0-s interval by approximately 10% during exnosure
to fields at some frequencies between 7 and 75 Hz (no effects at 60 Hz) has
been described, but replicate studies have not vet been reported. This study
also suggested a markediy higher sensitivity to environmental fields at 7 Hz ;g
£ to those at 45 and 75 Hz. No effects have been found at intensities .

below 1 V/m.
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Calcium ions are essential in excitation in nerve cells. The bindina of

calcium ions in brain tissue may provide a sensitive index of interaction with

- environmental electric fields. The release of calcium ion from cat and chicken
cerebral cortex was reported to be reduced by environmental fields with in-
tensities of 10-56 V/m and frecuencies of 6-20 Hz, but similar fields at 60
and 75 Hz were without effect. Again, confirming studies are not available.

LN

A Extrapolations from these laboratory experiments to the field conditions

R G SRR T - S S

Sodllia = Sl

= prevosed for Seafarer suggest that the behavioral, neurophysiologic, and neuro~

chemical effects reported occur only at air-field strengths well above those

it o

expected even in the immediate vicinity of the antenna and only at freocuencies

¢ lower than those expected. Many of the observations are preliminery and need
= confirmatior. by further research. The character and magnitude of the effects, 4
' even if confirmed, do not appear to warrant concern, esveciallv in view.of the

st proposed Seafarer intensity and freaquency.

h Ecology

The interrelationships of crganisms--animals, plants, and microbes--and

e e e s i

: 5 their environments constitute at once the most sensitive and the most elusive
; potential indicator of a perturbation, whatever it might be. Indeed, the
problem that we would face in an attempt to explain some ecologic change is

; j that it might have been due to almnst anything. Ecologic stt‘.ldies are never-

‘ theless of fundamental importance, because they represent an inteoration of

-
e

3 the results of all changes.

o dadile e
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Plants

The possible effects on plants of electric and magnetic' fields produced
L
by Seafarer are of special concern, because of agcicultural amd torestry

1

economies, as well as scenic quality. Plants form the actual framewowk for ]

0 e o T ak T s Lt o
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an ecosystem, directly influencing temperature, moisture, and nutrient avail-

2 ability, which in turn affect other organisms. Because vlants are fixed in f
location and are tightly coupled to the current fialds in the soil, they would

be fully exposed to Seafarer, whereas the exposure of other organisms may be

transitory. Plants reflect environmental stresses and have systems for detect-

i,; ing and responding to these stresses; they are used as reliable indicators of
environmental pollution.

Among the papers concerned with possible effects in plants, none showed

any effects that can be attributed to electric and magnetic fields similar to

those expected to be produced along the properly functioning Seafarer antenna.

T LI P

In addition, there is no evidence of any effects on plants either at the

‘ Wisconsin Test Facility, which has been in overation intermittentlvy for several '
}, years, or at a prototype facility in North Carolina. The ecoloaic effects of
}

’ construction of the antenna svstem will be substantial, but not unlike the

i
H
!
!
j effects of other installations, such as qas lines and telephone cables. ]
i
3

Soil Organisms i

;. As in the case of plants, there has been considerable intetrest in knowina
whether soil organisms might be affected by FLF fields. Such organisms will

, be more strongly conuoled to the fields produced by Seafarer than above-around
! oraganisms. Effects on soil organisms, if any, miaht be expected to occur at a

cellular level, and thus be generally important. A laboratory exmeriment on

-48~




soil bacteria at 10 and 50 V/m showed no effect on metabolic activity. Studies i
at the Wisconsin Test Facility designed to detect ecologic changes that might
provide evidence of ELF effects failed to reweal any changes that could be

correlated with exposure to Seafarer fields. The Camnittee notes that, as in

the case of plant studies, only major effects would have been detected in the
field surveys of soil organisms undertaken. This is attributable in part to
the inherent difficulties in separating possible small =ffects from effects

due to other perturbing factors, such as soil water, soil temperature, and

e %

soil aeration, which were not measured.
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CONCLUSIONS AND RECOMMENDATIONS

A number of concerns raised over the years that Seafarer ELF fields might
constitute a source of dangerous--even catastroohic--environmental con-
tamination have been examined and found invalid and unwarranted. The Com- :
mittee's considered opinion is that such fields will not cause a significant
and adverse biologic disturbance, exceot in the event of electric shock, which
is of serious concern. In fact, apart from the possible rasult of electric
shock, the Committee cannot identify with certainty any specific biologic ef-
fects that will definitely result from exposure to the provosed Seafarer fields, 5

The Committee concludes that shock hazards would exist near the qround i
terminals as now designed, but could he reduced by design changes. Shock ]

hazards could also appear along antenna cables, as a result of insulation or

o cable breaks. To alleviate such hazards, it would be necessary to devzlovn a
rapid and reliable method of detecting cable faults, so that the faulty

vortions of the antenna system could be immediately disconnected.

b o

N Although the available data are extremelv limited, some effects not

TN

f? related to shock may occur. Some organisms are able to detect steady weak
electric and magnetic fields. If they also detect ELF fields, which oscillat~,

they may be affected, and the possibility of adverse effects cannot be fully

ruled out. Thus, like many other verturbations introduced by man, this in-
volves some uncertainty and calls for continuing research. 1If the Seafarer

éfi system is built, an energetic and carefully designed long-term orojran of

.
e P R R P

monitoring should be couvled with basic research.

On the basis of the above considerations, the Commnittee offers the follow-

ing recommendations:

KT P G e sy
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l. Before a final decision to proceed with the construction of the
Seafarer system, a reliable procedure for rapid detection of cable faults

(insulation failure) should be demonstrated. There should be calculations to

s it e eme et e e

permit a probability analysis of the "worst case." There should be a method i
for determining the existence and likelihood of gqround-conductor corrosion and
its effect on the electric fields in the vicinity of around terminals. If

hazards associated with corrosion are identified, a detection system should be

il Bl

demonstrated.
2. If a decision is made to build the Seafarer system the followina ac-

tivities should be completed and reviewed by an appropriate agency before con- 3

_ struction, and the plans for construction should .u%e account of the results: 2
E;f a. The development of final detailed specifications for

% > greund-terminal desiagn (includina details of measurement nro-
; ?E cedures and survey techniques for accentance-testing) that

will alleviate shock hazards near the qround terminals. A

Galiasaod s ok
£

. reduction of the maximal step potential by more than a factor i
c

‘ f! of ten would be an important part of the final specifications. 1
| 2 b. A more extensive and site-specific set of measurcments

of the spatial and temporal variations in soil conductivity,

3 as a prerequisite to the ground-terminal specification; this

e Y

- is needed for reliable statistical estimates of extreme or i

worst-case step potentials and body currents.

¢. The installation of st least one vertical ground terminal

in a test facility, to permit evaluation of this alternative

ground-terminal design.

g
:
3
r
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d. A baseline study using radar tracking of bird
navigational patterns among migrating species in

the vicinity of the proposed installation, to be
continued when the Seafarer antenna is in operation.
e. Baseline studies to determine which of the species
of fish that live in the area proposed for the antenna
are sensitive to weak electric fields at Seafarer fre-
quencies. These studies should determine the extent
to which external Seafarer fields might interfere with
the normal behavior of such fish, as well as any ob-
servable :daptation to such fields.

3. Beginning with a decision to build Seafarer amd continuina into the
period of its operation, research should be conducted to increase the knowl-
edge of the basic biologic effects of weak ELF fields associated with Seafarer.
This should include fundamental research concerned with the biophvsics and
physiology of magnetic- and electric-field detection and use, and studies of
the related behavior of birds, insects, bacteria, and electrosensitive fish,
In addition, research on the underlying mechanisms of cell division and on
information processing and integration in complex nervous systems in relation
to ELF environments should be conducted and evaluated as vart of the reauire-
ment for continued monitoring of the operating Seafarer system for its possible
effects on biologic systems.

Recognizing the limit of its charge, the Committee makes no recommenda-
tions as to whether the Seafarer antenna should be constructed. It will be

up to the citizens and the government of the United States to consider the

-53~
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costs, risks, and benefits associated with the Seafarer system. The Commnittee's
charge was to identify and evaluate the possible biologic effects. On the basis

of the information available, the Committee concludes that, excent for the pos-

RV I UN PR S PPN

sible electric-shock hazards, the likelihood of serious adverse biologic effects

A ik

of Seafarer is very small. In any case, it is aopropriate to recall here that
the Navy's presentation at the Committee's first meeting (February 11, 1976) 4
included a pledge that, if a functioning Seafarer anterna were found to have

deleterious effects, its operations would be discontinued.*

4 e e o e e Al £

#

*From transcript of tape recording, Committee meeting of February 11, 1976:
Caot. Cobb: Sir, you are referring to the emergence of information that _
implies deleterious effects post-decision? 3

‘ Dr. Calhoun: Right. . ]

,} Mr. Marcy (Assistant Secretary of the Navy, Research and NDeveloomsnt): 1

. Very simple. Uet me go on record, if there are deleterious effects which :

SR are determined, that we will ston the transmiszion. That i3 3 statement

; we have made to the Governor and to neople at large.
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II. TECHNICAL REVIEW OF PROJECT SEAFARER i

a4

ANTENNA, GROUND TERMINALS, AND CABLE FAULTS

This first section describes the antenna structure and fields within
the antenna area, to clarify the nature of the ELF fields that would be

created by Seafarer. It then treats the ground terminals, with attention

F IR PP-F ISP PR IELNr- 3 -0

focused on the special problems associated with the oroposed, much larger,
electric fields. Finally, the even larger electric fields that may occur

as a result of Seafarer antenna malfunctions are considered.

Antenna
3 In the following description, attention is focused on the ELF fields 4

close to the antenna, as opposed to the "far fields" at the receiver locations,

AU S S,

i because it is primarily the near fields that are of potential bioloqgic
concern. When specific dimensions or field strengths are stated, they are

based on the Committee's understanding of the currently proposed Seafarer

design for the upper Michigan region. It is important to emphasize
féﬁ that ELF fields similar in magnitude and frequency to those of Seafarer ‘
! %; are already abundant in our environment. Except for th? areas near ;
g.?é ground terminals, Seafarer fields are smaller than the maximal existinq :

fields measured.

F The primary source of non-Seafarer ELF fields is our 60-Hz electric

power supply. In addition to the fields associated with power transmission
v and distribution, there are surprisingly large 60-Hz fields in and near

our homes. Magnetic fields greater than 10 G, about 100 times larger than

;-4g ~55-
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proposed for Seafarer, have buen measured close to some commonly used electric
appliances.l’z Measured electric fields in the earth near the ground connection
of the electric service entrance to homes are comparable with and sometimes
nearly 1C times greater than the electric field in the Seafarer grid. The
only Seafarer field that would be larger than the most freguently encountered
existing ELF fields is the proposed maximal electric field near Seafarer
ground terminais.

In view of the existence of these commonly encountered ELF fields, what
is unique about the ELF environment of Seafarer? The answer to this question
has four important elements:

° Ground terminals: The proposed maximal electric field in the earth
at the ground terminals would be significantly larger than any
frequently encountered comparable existing ELF electric field.

[ Physical size: The electromagnetic fields of Seafarer would cover
muchwlarger areas than most commonly encountered ELF fields.

° Continuous operation: Seafarer would operate continuously, whereas
many common ELF sources are energized or operate at maximal power for
only short periods.

) Modulated signal: Seafarer would use a modulated ELF signal.

Seafarer Modulation

The Seafarer ELF transmitters would use a form of frequency modulation
called minimum-shift keying (MSK). In this type of modulation, the signal
consists of smoothly connected segments (chips) of sinusoidal signals
of two distinct frequencies. In the Seafarer proposal, the two freaquencies

3
are 72 H- and 80 Hz with a modulation rate of 16 chips per secomd (a center
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frequency of 76 Hz and a shift frequency of 4 Hz). A typical waveform and
frequency spectrum are illustrated in Figure 3. A transition from one
frequency to the other would occur at the peak of a wave, to provide
maximal phase continuity and hence minimize transient efiects.

A code word comprises seemingly random pulses (chips), each lasting
one sixteenth of a second. As shown in the fiqure, the frequency of the
transmitter shifts between 72 and 80 Hz, depending on the value of the
binary code during each chip. For practical nurposes, the ccde for a
particular message may be considered essentially nonterminatina; i.e., the
code could be continuously transmitted for lona periods without repeating or
ending. Thus, purely random modulation is an accentable mode for biologic
experimentation and has been used in a number of recent experiments.

4
Basic ELF Transmitting Antenna

The basic concept of ELF transmitting antenna operation is illustrated
schematically in Figqure 3. The antenna consists of an insulated single-
conductor cable electrically energized by a transmitter at some point along
its length and electrically connected to the earth at each end. The elactric
current resulting from the excitation supplied by the transmitter flows
along the antenna cable and returns deep through the earth, formina a large
single-loop closed circuit. This current loop creates electromagnetic
fields in the earth and in the space above the surface of the earth. The
intensity of the fields is greatest close to the antenna and, for most
of the field components, decreases rapidly with distance from the antenna.
However, a very small (but significant, from a communication point of view)

componeiit of the electromagnetic field is coupled into the space between

-57-
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the surface of the earth and the ionosphere and propagates in this space
with only very slight attenuation. It is this small propagating cormponent
that ultimately results in the signal received at remote locations. Because
the frequency is low, the wavelength of the propagatina electromagnetic
field is very large and the fraction of the total electric power input
to the antenna that is radiated iz very small. For Seafarer, with a proposed
frequency of 76 Hz, the wavelength in air is about 2,500 miles, or about
4,000 km.

For a particular frequency, the strenqgth of the radiated field (Er )
is known to be directly proportional to the product of antenna current
(I) and antenna length (L) and inversely proportional to the sguare root

of the earth conductivity (o):

H

E ~ 1D (1)
r Veu .

Conductivity enters this relation because of the critical importance of

the effective dept.h of the return current (the skin depth). Most of the
return current flows at considerable depth, so the appropriate conductivity
value is that of the subsurface materials, and not that of the surface
layer. The proportionality expressed in Eg. 1 indicates the importance

of placing the antenna in a region of low deep-earth conductivity, to
minimize the required antenna length.

Because of the great length required to produce the recuir2d radiated-
field strength, the proposed antenna includes a number of essentiallv
independent antenna elements oriented parallel to each other and spaced far
enough apart to avoid substantial local interaction. The effective length
is then the sum of the lengths of the individual antenna elements, orovided
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that the antenna currents are properly phased. Because the radiated field

from such an array is directional, a similar array orthoqonal to the first

o e i i,

is necessary, to produce an omnidirectional field vattern: The resulting i
antenna is therefore an orthogonal arid of antenna elements, whose size ;;
and spacing must be chosen to meet the desired radiated-field strenath. &
The proposed grid pattern for the upper Michigan site is iliustrated in
Figure 2. The departures from the ideal square orthogonal grid that are
evident in this proposal are a result of efforts to minimize some types :
of environmental impact (e.g., by maximizing the use of existina riaghts of 1
way) while maintaining the required electrically orthoqonal structure and

exploiting regions of lowest conductivity. Table 1 summarizes the vrincival

characteristics of the proposed array. Note that only five transmitter

stations are proposed (see Fiqure 2) for locations, with each transmitter

g station feelirg approximately 10 antenna elements. through vaired-cable 3
{f feed lines. The lengths of the antenna elements range from 19 to 96 miles
{; (about 30 to 154 km), with an average of about 57 miles (about 91 km).

Although obviously variable, the average spacing between antenna elements

is about 3.7 miles :about 6 km).

B 4 2
= Structure of Antenna Elements |

i

| . o . .
P An antenna element, as illustrated in Fiqure 1 consists of a buried
insulated cable and two grourmd terminals. Althouah the final csble desiqn

is not yet complece, a basic confiquration consisting of an aluminum con- ;

A A e e e

ductor approximately 1-1/4 in (3.2 cm) in diameter and several insulatina
T layers, producing an overall diameter of approximately 2 in (5 cm), has

P been estaulished. The cable would be buried to a nominal depth of

o
b -60- |




6 ft (i83 cm), with a minimal depth of 2-1/2 feet where rock or other k
restrictive conditions preclude deeper burial. There would be an access/ ’
test point in a buried vault approximately evey 5 miles (8 km) along each

antenna eiement. In some cases (on longer elements), a series capacitor

would be installed in or near one or more of these vaults to aid in %
)
». 3.
= A TABLE 1
'E; "‘i : a :
E iy Principal Characteristics of the Michigan Array j
~ ; : b v
. o : Full Array Test Bed =
No. antenna lines, NS + EW 25 + 22 2+1 ‘
Total antenna length, miles 2,438 131 .
: } Fraction of antenna on existing rights 64 90+ §§
. of way, % 3
Pl . i
Py Antenna current, A rms 9 99 %
s No. power amplifiers 20 2 .
i ;g No. transmitter stations 5 1 .
3 ELF vower reqguired, MA 11.2 0.7 j
v ¢ :
%é; 60-Hz power required, MW 15.8 2.2
- :
S a
o Data from GTE Sylvania, Inc. ELF Communications Seafarer Program.
i System Design Study Report Michigan Reqion. Prepared for Naval i
4 Electronic Systems Command. Needham Beights, Mass.: GTE Sylvania, ¢
o Inc., 12 January 1977. 166 pp. i
TA test facilitv consisting of three antenna elements. ii
: It is proposeu that this facility be built before installation of .
N Seafarer and ultimately k2come part of the system. ) ]

c
. “Includes 10% contingency allowance.
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distributing the cable voltage. Series capacitors would also be installed

at the transmitter feed point and at each emd of each element to compensate
the reactive component of the antenna impedance. Surge arresters and discon-
nect switches would also be installed at the test points alony the antenna.

-

5,6
Structure of Ground Terminals

The ground terminals can be of two types: surface arounds or deeo
grounds. A surface grourd consists of a horizontal length of uninsulated
copper conductor buried to a nominal depth of 6 ft (183 cm). Vertical
grourd rods with lengths of approximately 20-40 ft (6.1-12,2 m) attached

to the horizontal wire would be used where contact with higher~conductivity

e e DT ST O Tt e L e i i m e LT ae et b e ow e e o e

subsurface layers offered the advantage of lowering the near-surface current

. density and voltage gradient. The preferred confiquration is two horizontal
F wires at an angle of approximately 60 to each other and extendina in the

Ha et bl P AN T Yoneth e

e direction of the antenna element. Because the ground terminal functions by

..

dispersing the antenna current in the earth, lengthening the gqround wires

it o Ak,

is an effective means of improvina its performance. Present Seafarer ccn-

' i ceptual desians use up to 4,000 m of buried wire (2,000 meters in each

[ ?1 of two legs), but even longer grounds are feasible. There is, however, an

b

T s e A e A .

PR upper limit dictated by the physical laws governing the current distribution
'

E T along the buried wire. Each ground terminal would be desianed in accordance
{ . - . '
[ with local near-surface earth conductivity; hence, each terminal would i

differ in details of construction.

Deep grounds use a vertical grounding conductor (or series of con-

N i T

) ductors) placed in a drilled well. Conceptual designs call for a well

6-8 in (15.2-20.3 cm) in diameter up to 6,000 ft (1830 m) in depth to

e g

T
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attain acceptable performance. The advantages of deen grourds include
greatly reduced surface electric fields and smaller right-of-way requirements.
They are, however, much more costly and present higher resistance and hence
higher power requirements during operation. For these reasons, surface

grounds have been the preferred type in all proposals for Seafarer.

Electromagnetic Fields

To describe the antenna electromagnetic fields, it is necessary to dis-
tinguish between the regions along the antenna elements (within the grid) and
those near the grouné terminals (aiong the periphery of the qrid). It is
also helpful to describe the electric and magnetic components separately to
emphasize the different rates at which they decrease witn distance from the
antenna. The intensities given are generally those for nominal c:::;sjﬂﬂg

f no

with uniform earth conductivity, but brief comments on the effects

uniform conductivity and other departures from nomina. conditions are

included.

Electric Field near Antenna Elements

The electric field along the antenna elements can be viewed as a result
of the portion of the total earth-return current that flows near the earth
surface. This field is horizontal and parallel to the antenna elements,
except near the crossing of two elements. Its maximal intensity at the
earth surface occurs directly over the antenna element and has been set at
1i3 V/mile, or 0.07 V’/m.5 This specification is based primarily on the need
to keep interaction with long electric conductors (powerlines, pipelines,

wirc fences, etc.) within acceptable limits and requires only that the

average over long distances be belcy this maximum. Local earth-conductivity
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variations or the presence of grounded conducting objects could cause locally

larger fields.

A summary of the methotls used to calculate the electric field in
homogeneous earth is in a U.S. Navy report.5 Analysis indicates that the
electric field decreases relatively slowly with distance from the antenna;
distances exceeding 100 m are raquired to reduce the intensity by half.

The result of this slow decrease is that the entire interior region of
the grid will have a horizontal electric field with a minimal intensity
of one-fourth to one~-third the maximum of 0.07 V/m. Figure 4 shows the
spatial variation for a case very close to the nominal design.

Near antenna intersections, the fields of the two elements will add;
the resultant field will deperd heavily on the time phase of the currents in
the elements. For currents in phase, the electric-field strength will increase
by a factor of Y2 . A pictorial representation of the electric-field
distribution for in-phase currents is shown in Fiqure 5.

Because of the slow variation of the field with distance, burial depth
is not an important determinant of the electric field. The field is con-
tinuous at the air—-earth interface, so the air electric field over the region
of the grid is also horizontal and of the same intensity as the earth electric
field. This situation would be substantially altered at any locations
where the antenna was installed above the ground. 1In these regions
the (vertical) air electric field could be much larger, although the

(horizontal) earth electric field would be essentially unchanaed.
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an array of parallel antenna elements. Reprinted with
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Magnetic Field near Antenna Elements. The magnetic field along the

antenna elements is most conveniently viewed as a direct result of the ;
current in the elements and is well described by the simple proportionality

relationship,

, (2) .

k. s

where B is the magnetic flux density, I is the antenna current, and r is the

radial distance from the antenna element to the point under consideration.

The presence of the earth arourd the buried cable is essentially neqligible, x

except as a barrier to close approach to the antenna element. The vector

2y ite b doniaki

describing the direction of the field is tangent to a circle centered at
the cable. It is clear from Eg. 2 that the maximal intensity occurs

at the point of closest approach to the antenna element--typically the

b b St i i

surface of the earth immediately over the element. For the provosed Michigan
5

design this maximal nominal value is 0.11 G. As for the electric field,

there is a possible amplification by a factor of /2 in the vicinity of

antenna intersections.

Unlike the electric field, the magnetic field decreases aquite rapidly

with distance, as indicated by Egq. 2. Compared with the electric-field

spatial distribution, the magnetic field is highly localized along the
antenna elements and decreases to very small values elsewhere in the grid.
The distribution is illustrated in Figure 6 which emphasizes the highly 3

localized nature of the antenna magnetic field.

The strong variation of the magnetic field with distance makes burial

depth very important. For example, in regions where the cable burial depnth
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Figure 6. Variation of the magnetic field throughout a portion of the
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of the Navy.>

ﬁg -68-




&
S

re 6 ST UHREIVTL AU S 7s St oms s Y0 St 445 oo« 2

is 2.5 ft (76.2 cm), instead of the nominal 6 ft (183 cm), the magnetic

field at the earth surface would increase from 0.11 to 0.26 G. If the shallow
burial were at an antenna intersection, the value could be further increased

by a factor of V2 , to 0.37 G. In regions where the antenna is installed above
the ground, the maximal magnetic field could be very large, depending on the
distance of closest approach to the antenna that is allowed by the details

of construction and the use of restrictive barriers.

5
Electric and Magnetic Fields near Ground Terminals. The electric field

(step potential) near ground terminals is a direct result of the current

flow out of the buried uninsulated ground wire into the earth. The current
distribution (and electric field) is determined by the ground-wire geametry

and the earth-conductivity magnitude and spatial variation in the vicinity

of the ground terminal. Local variations in earth conductivity can cause large
changes in the local electric field, compared with that in a reqion of uniform
conductivity. Such local regions of anticipated high electric field must be
founrd and remedial action planned during site surveys. After construction,
tests of actual electric fields and additional remedial measures must be carried
out.

Because the antenna current is localized in the earth near the ground
terminal, as opposed to being widely distributed in the earth as it is along
the antenna, the electric field is much larger near the ground terminals than
along the antenna. The specification of maximal electric field at ground
terminals has been a subject of much concern to the Commitiee and is described

separately later.
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The magnetic field near ground terminals will have a maximum near
the feed point equal to that of the antenna. Because of the dispersion
of current into the earth, the magnetic field along a qround wire will
decrease with distance fram the feed point to very small values near the

ends of the wire.

Summary. The following simplified summary descriptions of the
electromagnetic fields produced by the proposed Seafarer system are sufficient
for most biologic-interaction studies (values at earth surface):

° Antenna electric field: 0.07 V/m nominal maximum (0.10 V/m

near intersections) with essentially the entire region of
grid at intensities one-fourth to one-third the maximum.

° Antenna magnetic field: 0.11 G nominal maximum (0.37 G near
intersection with shallow burial) highly localized alcng
antenna elements.

] Ground-terminal electric field: 15 V/m maximum and 1 mA body-
current maximum, localized along horizontal gqround wire.

° Ground-terminal magnetic field: 0.11 G nominal maximum
(0.26 G with shallow burial), highly localized near feed point

of ground terminal, steadily reduced along horizontal wire.

Comparison of Seafarer with 60-Hz Power-System Electromaanetic Fields

There are many similarities between the Seafarer antenna system and a
conventional 60-Hz electric power transmission and distribution system.
But there are also differences, of which the most important are:

° Seafarer is designed to operate with a 100% earth-return current

whereas power transmission systems usually have a nominal zero
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earth-return current. Singie-phase power distribution circuits
are often unbalanced and return a fraction of the current through
the earth; however, the major portion of the return current is
in the (grounded) neutral conductor.
) Secfarer is a relatively low-voltage buried (solid-dielectric-
—-insulated) system, whereas power systems are tyvically high-
—yoltage overhead (air-insulated) systems.
) Seafarer, of necessity, uses a modulated signal, whereas power
systems have nearly ideal sine-wave voltages and currents.
As a result of these differences, some field compcnents of the two
types of systems are very different in amplitude and spatial distribution,
whereas other components are gquite comparable. The following comparisons

begin with the components that are most similar.

Magnetic Field: As in Seafarer, the magnetic field under a powerline

is a direct result of the current in the conductors. However, the powerline

is a multiconductor system in which the sum of the currents in the conductors

is nearly zero. Although the current in a power line is often much larger

than the Seafarer current, the height of the line and the tendency toward
substantial cancellation of fields from separate conductors.combine to produce
fields near the ground of about the same amplitude as in Seafarer. Actual
measurements under high-voltage lines yield values of 0.05-0.6 G,2'8'9 which
approximate those expected in the Seafarer system. The vowerline magnetic-field
vector rotates in a vertical plane, and the field is somewhat less localized

than the Seafarer ﬁagnetic field; however, the two systems can still be

considered similar, with respect to their magnetic fields near around level.

-71-

o T e

Tt s i b il

O S T T




Horizontal Electric Field Away from Ground Terminals: The horizontal

electric field in the earth under a (balanced) powerline is nominally zero.
However, because the line is not completely symmetric, there is a small
earth current that gives rise to an earth electric field similar to the
horizontal electric field in the Seafarer grid. Although there have

not been many actual measurements, there are same d::n:az'8 to suggest that
an intensity of 0.01 to 0.03 V/m approximates that to be expected under
balanced lines, which is less than the 0.10 V/m near Seafarer antenna

intersections and comparable with the Seafarer intensity at ooints in the

grid away from ihe antenna elements.

Horizontal Electric Field near Ground Terminals: The major ground terminals

in power systems are designed primarily for handling fault conditions, and
not for continuous operation with substantial earth current. The nominal
electric field near these ground terminals is therefore zero, although it

is unlikely that this ideal is ever attained. The electric field in the
earth near Seafarer grounds is therefore promerly viewed as having no real
counterpart (on the scale of Seafarer ground-terminal size) in a power
system. The localized fields of about 0.05-0.50 V/m that have been measured
near small ground terminals (driven ground rods) in power distribution

1,10,11
networks were too localized to be compared with Seafarer.

Vertical Electric Field in Air: Because of the charge on an enerqized

conductor, there is an electric field in the insulating medium between the
conductor ard other conducting objects in the vicinity. In an overhead nower-
line, this results in an electric field in the air surrounding the line.

Near ground level, the field is nearly vertical amd uniform, because of the
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relatively large separation between the conductors and the surface of the
earth. In the buried antenna elements of Seafarer, the electric field re- 5

sulting from the charge on the antenna cable is entirely in the insulation

I

around the cable. For the buried antenns elements, there is therefore
no external vertical air electric field; hence, this component of power-
system electromagnetic fields will not exist in Seafarer.

The amplitude of the air electric field under a powerline devends ;

primarily on the voltage and height of the line. Electric fields up to about

S 10,000-17,000 V/m (10~17 kV/m) have been measured under modern hiqgh-voltage
as 8,9,12,13
- lines. The large difference between these electric fields and

3 1 the much smaller ones present as earth electric fields in Seafarer should

not be interpreted as a measure of the relative potential biologic impact

4 of the two types of fields. Because of the high conductivity of most bioloaic
materials, compared with air, the preexisting air electric field is very
;; much greater than the internal electric field in a soecimen placed in the

5 7
field. The reduction factor is approximately 10 -10 , devendina on geometry

T A o TRy

?j and conductivity. Air electric fields are sometimes described as hiqh-impedance
%
fields amd the coupling to corductive objects referred to as camacitive

coupling, to emphasize the contrast with the low-impedance conductive couoling

T emrw RS T
3

P associated with an electric field in a conductor like the earth. The coupling Z

¢f electromagnetic fields to biologic systems is treated in qreater detail

later. ;
Vertical air electric fields would exist in Seafarer only where the

antenna elements or ground-terminal feed points were routed overhead instead

of being buried. The relatively low voltage of Seafarer, compared with
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power-svstem voltages, should result in air electric fields much smaller than
in power systems; exact values would depend on construction details that are

not available.

Summary. Al. ough Seafarer and clectric oower systems differ in many
details of field orientation and spatial variation, the following summary

provides a useful simplified comparison of the various field components.

° Magnetic field: High degree of similarity; Seafarer maximum
of 0.37 G within the range of the 0.05-0.60 G measured in power

systems; fields highly localized along right of way in both

systems.
. ° Horizontal electric field in earth (away from gqround terminals):
Similar; Seafarer maximum of 0.10 V/m somewhat larger than

;; measured 0.010-9.030 V/m of power systems; fields centered on

right of way in both systems; electric field in Seafarer arid

away from antenna elements about the same as those immediately

TrTTe .-

urder powerlines.

[ Horizontal electric field in earth (near ground terminals): No

b ATy TN e T
e .

counterpart on scale of proposed Seafarer ground terminals in
power systems.,
g ° Vertical electric field in air: ‘ssentially lackiny in Seafarer;

fields up to about 10-17 kV/m under powerlines. :
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Ground Terminals

With surface grounds as proposed by the Navy, a large area along the
periphery of the antenna grid would continuously have substantially greater
electric fields than the interior of the Seafarer grid. The combination
of great size and continuous operation at these higher intensities would
oroduce a unique situation, which must be carefully examined to assess

possible hazards.

Structure of Horizontal Ground Terminals

A horizontal ground terminal is simply an uninsulated wire buriel a

few feet below the earth surface and electrically fed at one or more points.

The Seafarer oroposal specifies a burial depth of 6 ft (183 cm) and a sinule

J
feed opoint. Although many confiqurations are possible, including a single

straight wire and many wires radiating outward from the feed point as
extremes, the Seafarer prooosal calls for two ground wires at an angle of
60o to each other. The two conductors would have their common feed roint
at the ed of an antenna cable and would each be directed amoroximately 30O
away from the direction of the antenna element in a V. This confiquration
is referred to as a V-around.

Although the design of a ground terminal can be initiated by essuminq
a uniform earth, local conductivity variations cause important chanaes in
the earth current distribution and the resulting electric field. For this
reason, the Seafarer proposal involves a desian procedure that derends
strongly on measurements made after installation.14 On the basis of these

measurements, remedial measures would be taken to reduce electric fields

where required. Remedial measures might include insulating oortions
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of the ground wire or installing vertical ground rods electrically attached
to the horizontal wire. Because of the variety of conditions to be expected
over a region as. large as the Seafaiwr irld, the ground terminals can
reasonably be expected to include various combi:uacions of required remedial
modifications.15 Thus, although the general structure of a horizontal ground
is very simple, the final details of construction may be complex, and no

two ground terminals are likely to be the same.

The measurements to be made to define areas requiring remedial modifi-

{ g cations and the final acceptance measurements are critical to the desian of
f acceptable horizontal grounds. Careful consideration of earth conductivity
“; changes caused by moisture, temperature, etc., must be included in planning
- these measureme.:c proqrams.15 It is imporcant to emphasize that no detailed

descriptions for acceotance measurements have yet been presented. Evaluation

Rl L,

of a proposed measurement program and monitoring of the oroaram during

- construction are crucial to the acceptance of horizontal ground terminals

CETTRERIRY e S

in a Seafarer system.

s Magnetic Fields near a Surface Ground

As in the case of an antenna element, the magnetic field near a

W W T TS uT

& surface ground depends primarily on the current in the conductor and the

distance fram the conductor. The present proposal is to use a minimal burial
0 5
iy depth of 6 ft (183 cm) for ground wires, so the maximal magnetic field along

R I e A e

the ground terminal will be no larger than the nominal field for the antenna

! elements (0.11 G). Furthermore, because the current in the ground wire

.

i ri decreases with distance from the feed point, the magnetic field will rlso

r:‘; decrease. Thus, only the region in the vicinity of the feed point will

-~76-




RN

A
o .

N

have a magnetic field comparable with that of the antenna with the remainder
of the qround terminal havina a magnetic field that decreases approximately
linearly with distance from the feed point. There is, therefore, no special
maagnetic-field oroblem at grourd terminals,bani the conclusions regarding

magnetic-field effects for the antenna are also applicable to grourd

terminals.

Electric Fields near a Surface Ground

The surface electric field near a ground wire depends on burial depth,
current, and earth conductivity and is stronqly affected by local conductivity
variations. Although these variations cause major effects, solutions for
homogeneous—-earth conditions are useful for initial desian and estimation of the
effects of large-scale conductivity variations. The equations describing the
surface electric field near a straiaht horizontal ground wire in uniform earth

5,7,14,15,16
have been presented elsewhere.

Figures 7 and 8 illustrate the
variation in the fields along a single buried wire. Note that the maximal
electric field occurs at a distance equal to the burial depth in a direction
pervendicular to the wire or at the end of the wire and that the two maximal
values are equal. The maximum along the lenagth of the wire is more imoortant,

because it is present over a far greater region. Away from the ends of the

wire, this electric field is represented bv the simole exvression,

IX
E, =
X
TrciL(x2 +d2) ! (3)
where
I = current in ground wire, A
o = earth conductivity, mho/m
-77-
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L = length of wire, m

d = depth of burial, m

X = pevpendicular distance from voint over wire on surface, m, and
E = electric field in direction perpvendicular to wire, V/m.

The maximum occurs at x = d and is given in volts per meter, by:

E I (4)
max 2wodL

Sample Ground Terminal in Uniform Earth

The electric field along a V=ground is somewhat more complicated, because
of the interaction of the two legs of the ground. Fiqures 9 and 10 illustrate
the predicted electric field for the same characteristics as in Figures
7 and 8. Because each leg of the V-grourd has the same length as the total
wire in Figure 7, the maximal fields are smaller in Fiqures 9 and 10. Note,
however, that, near the apex of the V, the electric fields are much larger
than would occur if the V were opened into a single straight wire. Because
this is primarily a local effect, the expression in Ea. 3 can still be
applied along the length of each leg of the V-ground. The region near the
apex of the V (the feed point) would have to be considered separately or
the field in this region reduced by remedial means, such as insulating

a portion of the wire.

Proposed Maximal Fields and Currents for Seafarer Grounds

Appendix A of the December 22, 1976, Navy specification of electric
5

ard magnetic fields for Seafarer grounds specified the maximal fields and

body currents near Seafarer grounds and is reproduced here, as Fiqure 11
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APPENDIX A - MAXIMUM FIELDS AND CURRENTS
NEAR GROUND TERMINALS

The grounding assemblies of the Transmitter Segment shall be designed
using the following documents for guidance to ensure puhlic safety and environ-
mental compatibility:

1. "Guide for Safety in Alternating Current Substation Grounding, "
AIEE No. 80, March 1961.

2. "Recommended Guide for Meusuring Ground Resistance and Potential
Gradients in the Earth," AIEE No. &1, May 1962,

When the Transmitler Segment is operating at nominal antenna current,
the maximum surface gradient averaged over any 1-mefer span in the vicinity
of any grounding assembly sha'l not exceed 15 volis/meler,

The design of ground terminals shall be such as to limit the maximum
possible body current flow to less than 1 milliampere for a I-meter step. This
maximum body current flow shall be calculated from the following cquition:

max

"R

where: I maximum possible body current for a 1-meter step (amperes)

l

b
Emax = maximum surface voltage gradient average over a 1-meler
span (volts/meter)
R = worst case current path resistance (ohms).

The worst case resistance shall be computied from the fellowing equation:

5
R = 1000 + 5 ohms,

where: o = soil conductivity (mhos/meter) at the location under examination.

When making the necessary soil conductivity measurements for these computa-
tions, due consideration shall be given to its seasonal variation.

The bare wire portions of grounding assemblics shill not be located near
bodies of water (e.g., streams, rivers, ponds, or lakes). The distance between
the bare wire portion of a grounding assembly and a body of water should be
large enough to limit the electric field in the water to less than 1 volt/meter.

Figure ll. Appendix A of December 22, 1976, Navy specifica\tion.5
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for convenience. The most recent draft environmental impact statement
17

(DEIS) discussed this propocal and presented a graph relating maximal

electric field amd soil conductivity; the araph is reproduced here as
17

Figure 12. The DEIS also discussed the maximal voltage that would be

permitted between a wire fence or other long wire and the earth anywhere in

the Seafarer grid. This maximum, 6 V, oresumably also applies in the vicinity

of ground terminals and is included here as part of the ground-terminal

proposal. Table 2 summarizes the ground-terminal maximal fields, body current,

and fence voltage (the nominal antenna values are included for comparison).
TABLE 2
Summary of Proposed Maximal Fields, Body Current, and
Fence Voltage near Seafarer Ground Terminals

Antenna (Nominal) Ground Terminal (Maximum)

a
Magnetic field, G 0.11 0.11
b
Electric field, VAo 0.07 15.0
Body current, mA -— 1.0
Fence voltage, V 6.0 6.0
a

70.37 G with shallow burial near antenna intersection.
b

0.10 V/m near antenna intersection.

Adequacy of Ground-Terminal Proposal

The adequacy of the proposed maximum, 6 V, is considered for each
component and in terms of several possible modes of exposure in the followina

sections. It is important to emphasize that, althouah the area covered bv
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ground terminals is smaller than the entire Seafarer grid, it is still a large

region. Taking a typical grourd terminal as consisting of two 2,000-m ground

i
¥
§
b
Y
L
v
{

b wires, the total ground-terminal lenath would be about 400 km (250 miles). i

Because the Seafarer system is proposed to operate contiquously, the entire

length of this ground system must be considered as a source of maximal

fields under all conditions of exposure-—in sharp contrast with many other
o ELF sources, which are operated for only short periods or involve only

small, isolated regions of possible maximal exposure.

i Magnetic Field. Magnetic-field exposure is the same as or less than

that along the antenna elements. Therefore, there is no special problem b

along the ground terminals, and the conclusions reqarding magnetic-field

! effects for the grid region are also applicable to the ground terminals.

e

Step Potential. The most obvious and common human exposure at ground

o terminals would occur as peonle walked about over the buried around wires.

£ o il

v This situation gives rise to the term "step potential," which is simply

ff the voltage along the ground between a verson's two feet. For a l-m step,
]

the maximal exposure would be very close to the maximal electric field,
or 15 V. The hazard associasted with this exposure depends on the effective
by resistance that limits the current flow throuagh the body and the resulting
actual body current.

Numerous studies have been carried out to determine acceptable and
hazardous body currents for humans and animals (for references, see Fiqure

17
B-3 on p. B-t of Naval Electronic Systems Commard ). The most imoortant

RS
- e

2

figures (for uninterrupted currents and hand-to~hand contact) are:
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current is perceptible at 0.5-1.0 ma,

Underwriter's laboratories specification is 5.0 ma,
let-go (tetanization) current is 6.0-10.0 ma, and
fibrillation occurs at 20.0-100.0 ma.

Three of these are expressed as ranges because they depend on the body
weight, variations in cross section of the current path, and the substantial
differences between individuals of roughly comparable weight. In general,
children have the lowest tolerance.

The amount of body current that results from exposure to a given
voltage depends on the total resistance of the circuit formed by the source
and the body. The most important components of this circuit resistance
are source resistance (R ), contact resistance (R ), skin resistance (R ),
and internal resistance ?R ). Of these, contact rgsistance arnd skin res?stance
are typically large (thousgnds of ohms), but can become very small if the
contact surfaces are wet and the skin is broken. For worst-case conditions,
these two limiting resistances should be neglected. The internal resistance
is reportedly 120-300 ohms.l—]'18 For wet conditions, a total body resistance

18,19
(R +R +R ) of 500-600 ohms is often recommended, and 1,000 or 1,500 ohms

isEalgo ;uggested as being representative of typical conditions.20’21 The use
of these body resistances and the currents described earlier results in
applied body voltages for various responses as listed in Table 3. These
represent estimates of worst-case conditions, inasmuch as actual contact
ard skin resistances vary greatly in individual cases.

The voltages in Table 3 are not directly comparable with Seafarer
step voltage because the source resistance is neglected. For Seafarer, this

source resistance is the resistance of the earth under the contact voints
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of the feet and is highly variable and depends on earth conductivity (discussed
in some detail in the next section). For the present, it is important to
observe that 15 V is higher than all but the fibrillation voltage in Table 3
and that reduction of body current by the source resistance is necessary

if 15 V is not to be hazardous.

TABLE 3

Approximate Body Voltage to Attain Various Body Currents

Voltage, V
Body Perception, Underwriter's Let-go, Fibrillation,
Resistance, ohms 0.5=-1.0mA S5 mA 6.0 -10.9mA 20 - 1000mA
Internal 0.1 -0.2 1.0 1.2-2.0 4-20
resistance, 200
Total resistance: 0.25-0.5 2.5 3.0-5.0 10-50
500 (wet)
1,000 0.5 -1.0 5.0 6.0-10.0 20-100
1,500 0.75-1.5 7.5 9.0~15.0 30-150

One-Milliampere Body-Current Limitation. The Seafarer ground-terminal

specification indicates that all ground terminals will he designed to limit
possible body current to a maximum of 1.0 mA., If this were attained over
the entire region of the ground teminals for all conditions, the Committee
would be satisfied that there would be no hazardous conditions at Seafarer
ground terminals. However, the attainment of this specification appears
very difficult, and test procedures to quarantee that the criterion is

met under all seasonal variations amd possible occurrences have not been
presented. Such test orocedures and acceptance standards would have to

be a part of any final prooosal for surface gqrounds.

-88-

NP
T P SV

R PO

2 e ] et 3 ot o M B i MRS ST AL Sl G855, v s  F 2 e o tan n

P

el




N LT

T g

B T e ST

P

T TR R R Sy AT T Y N R T TR e

e T

e B e

LTI T EIESA IR NI UT Y 0 R e O T RO PR VI T e RO TN, _“,.v.,www

The major problem with the 1.0~mA body-current criterion is that the
source resistance of the Seafarer ground system is proposed as a primary
means of limiting bedy current.ls,l? This source resistance is a result
of the voltage drop caused by the concentration of ground current under the
contact points of the body with the earth. It can be estimated by assuming
a disk of appropriate size in contact with the earth. For a 10-am disk
and uniform earth conductivity, the resistance of one such contact point
' 15,16
is:

RS = 2.50 ; (5)

the resistance of two in series, as would occur for normal step—potential

calcuiations, would be twice this value. For the anticipated range of earth

15
conductivities, Table 4 lists the values of R for vniform earth.
S
TABLE 4
Source Resistance, R, of a 10~cm Disk on Uniform Earth
[
Conductivity Source Resistance
(¢ ; ,mhos/m ' (R}, ohms
S
0.0001 25,000
0.001 2,500
0.01 250
¢.10 25

Clearly, for the lower values of conductivity, the source resistance
is an important means of limiting body current. The problem is that this
source resistance is highly variable, anmd this variation must be included

in the consideration of worst-case conditions. The proposed step-potential
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limitation represented in Fiqure 12 is based on the use of the source resis-

tance computed fram (two times) Eq. 5 to compute body curren:t. However,

this figure does not consider the strong variation in earth conductivity

that can occur over time ard space. Some of the most important of these

variations are:

Spatial variation of earth conductivity along a ground wire:
This results in large changes in maximal electric field along
the ground wire, and not necessarily corresponding changes

21-27
in body current.

Figures 13 and 14 illustrate the large
variations that were found to occur in one of the Wisconsin Test
Facility ground terminals. Table 5 lists actual measurements

at this site and illustrates the greatly different variation

of step potential and body current along the terminal.

Earth layering, which can increase body current by reducing the
source resistance much more than the electric field is reduc:t:'d:16
This occurs because the source resistance depends very strongly
on the near-surface conductivity. Hence, the high surface
conductivity would result in much greater body current during
the spring thaw, than at other times of the year.

Local regions of high conductivity, such as that resulting from a
small wet area surrounded by a dry region: This could markedly

lower the s~rce resistance and have only a small effect on surface

gradient, The area around the wet, high~conductina area would

actually have an increased electric field.

o At o < e e




GAGRANR AR AL G Co O LT YT T T SR o s R ki T T TIARETTT W T TR T

[z URUpTOD PUe UOSQOH WoI3 uotssTuxad UYRTM pauTIda

: * (¥ 00€ ‘juaiInd Sul] euusjue) TeuTuasy punoxb 3sam a3 e SIUSuRINSea Juotpeab-dms €1 ambta

: Aa®N - (L6 Axenuepr @
Aasy - 0261 ‘mlady O auIT BUUAUY
£.8N - 6961 ‘Iquuadag o
VoY - 6961 “sn3ny o ION -~—
vo¥ - 6961 ‘TIAdv o )
puaie puncad
punois)

_ T 1°0 -
N L - - - - - - e e e OO O - - e . P, ....._....+ .« o e - M‘“
: !.I..+.||.l!.A'»O»|+.|.Ift.1...o...4‘|--nj». ———— - e PPN ..A.v, - .. + P QIR w.
I T RN U U U RUSUNU SR % SN AR DU ISURI SURIOS SR :
—-— - - A P e e P B N T SRR SR T ?..‘
[T Iy oL i Sl SARAEES SRREDERE SR ol IR WD SR (AR 1 S
e Rl St il St Idh SRl SMADRDID EDERUBERER NGRS AN ShOpERpian ERSR g SORRSR ©w o ~_
Syseses e e spisqeongt SOOINIM INPa) [P S BRTES Rt SRS e Dol SRt ts [ 13 S < 2 _M
© 7
9] %
B ) "o N R 1 ] w i
——— .||li.r.|.|.|lf'|0l PR SRR EEREE PO - .qu. .5//”0(1 O m “..m
B | SR - R B0 S Bty o =-e SUP S S0 BURES v
g o5 220 ro 1) RDINI UMM (DEUDEl NP I 1= S 3 m
H—-— - A —— s L mtouinet 5§ = Joen Hogoa SR PRy BRaty Ehpeb paenpon: 2 IISE-) H
amb - :
$T Td 95 \~‘ o9 @ o :
! VORI S R SV S C - . . ..1-....+LT.;.-.T.-.,oi_f....o..-.. m
| AEREE R DR DI h T .qu RS R SR DS w.,wumltm,tﬂw,m.u.ﬁﬁ - ;
- e ”.”mmw...mmm- P e N N S e TS SR ST 21240001 |
i
:
EEME LTI L T T i i e e aETL LAY TTeE n ) -




oot s T T AT TR R T T ey s e e e e g T ey o P

100.0 {
O April, 1969 = RCA (Initial Measurements) :
A August, 1969 -« RCA (No Reconstruction) i
3 © December, 1969 -~ Navy (After Initia’ Recorstruction) ‘
| j
= €1 April, 1970 = Navy (New Sites) X
: @ January, 1971 - Navy (After Additional Ground fods Added) ;
5
. b
3 E
3 ]
8 z )
N 5 "
; 2 4 ﬂ
& T
A " A
' -
AR =]
g 2 g o a
:,; '7; 8 q ) le)
4 (¢}
g 10.0 iy
! a * O - 0
.- & o s
4 . : |
s < ;
t g r \ ~
o & A ld \ |
- £ - ' *
et B /
o 2 - ]
s E o~
E ',“ [C) :
N 1
i i
E i g g
> 1
T
S —
UL
Fou
‘. i
o ] 3
oy
3.
. 5 3
b )
. R E
; "ﬁ k
= 1.0 L
vt 1
L 3
S . .
ey Figure 1.. Step-gradient measurements taken at the north end of the 3
E . west ground terminal. Reprinted with permission from ’
{ Hobson and Goldman.27
Lo )
N
\ -92- ;
84 ;
4 .

-
f

R S A e T % € o - SRl it b~V e b ST SRR 1 SR St ST 7. LI . ) i



i e, . Cme e g e o e et 1y o 1= 1 - T R - - e —
- YT - . - SR
o T T i T I W YT I 1 (T i P ey -
] ) 2 ™ v T ST T T VR
.
W

3 NSO O TOOVOLDOANNOTNNMOWFTANOT NN <O
NV~ N OO~~~ ANNNNA A A~ AN NAO—~N

592331459941372100638339000553
L ] L] - L2 * e« ©® 8 e & e & & ¢ 2 5 2 & o * s o » 8 2 s O
6225mmm79229667545441225244047

[ ]
26

mA
Q

275464231874198871951676874540
........................
032712195325136791092221155074
~ o~ - — —t o~ - — - —

1

IR Y

582200010805476742852241731403
----------------------------
065640012751149481888896893846
NS NSO NNDN A~ - - e~ N~ N~ N - —

Extraoolated to 700 A
Step
Gradient,
Vins ft
IR

f

. g
Lt s OREE

554156432332153395107254114564

422498967225433312221223232023

R Iy
-93-
ol

T
l}.&*‘- - ,—}EM‘ o

M ANOLORANNTOOOVMOAITNNDN~SOMNONO I~ <P

..............................

943744404433990757662338255060
~ =t~ ~ ~

at West Ground Terminal

L, 5 it § anls

A in antenna
(A

Q

536656035580880 DOONO~ODNONP~NO

.............................
453067631532594135533336287000
[a) L e N B R M) N~ N~~~ ~ —~ N

TABLE 5
Maximal Step-Gradient Measurements

Current in R (1),
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Step Gradient

(R==),
antenna

mV/A in
Data from RCA Corporation Communications Research Laboratory.
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° Long-term changes .n the ground-terminal conductor condition and
the local earth conductivity: These can cause larce changes in
both step potential aid body current. Because the body current
depends strongly on the conductivity of the uoper few centimeters
of earth, it is more likely to exhibit large changes. A recent
series of measurements taken at the Wisconsin Test Facility supported this
ssf.at:ement:;28 the largest step-voltace change in two sets of measure-
ments 7 years apart was about 5 to 1, whereac body-curcent changes
of up to 20 to 1 were found. Most step potentials anl body currents
were lower in the later measurements, but increases of 5 to 1 in
step potential and 8 to 1 in body current alsc were found.
These and similar arguments all indicate that source resistance cannot
te relied on to limit body current. The greatest hazard will occur in regions
where the bulk (average over the region to a depth of several meters) con-
ductivity is very low and the corresponding electric field would be allowed
to reach 15 V/m. Although the hazard with respect to steo potential is
probably small, there is no margin of safety. This is unacceptable for

a system that has the size of Seafarer and that is subject to continuous

operAation.

Other Possible Occurrences. Although the most common expcsure near

ground terminals would be simple foot-to-foot exvosure during walking,

other more severe situations could occur. In addition to moderate increases
in exposure caused by someone's falling into two-hand-—-two—-foot contact,
much more severe situations could occur if long conducting objrcts were

involved. For example, a tractor and plow with the plow in the earth or
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a person draqging a length of irrigation pipe or other long conductor
would permit contact with a remote point much in the same way as a wire
fence along the antenna. Unlike the situation along the antenna, the electric
field is not constant along lengths of several meters, so the exposure
is not expressed simply as the maximal field times the length of the object.

A reasonable and simple approximation for the maximal total voltage
(Vimgy ) between tws points on the earth near a ground terminal can be obtained
by integrating the electric field of Eq. 3 from the point over the ground
wire out to a specific distance The result is:

2 2
Voax ¥ A By X5 (6)

which for the Seafarer burial depth of approximately 2 m yields the

results in Table 6.

TABLE 6

Approximate Maximal Voltage over Various Distances
near Surface Ground with Depth = 2 m

Distance, m Voltagce, Vo x
2 1.4 E
max
4 3,2 E
max
6 4.6 E
max
8 5.7 E
max
10 6.5 E
max
12 7.2 E
max

The possible hazard associated with even a relatively short comductor

is readily apparent. Consider, for example, a tractor and plow whose
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total length is 6 m. With the plow embedded in the earth, the voltage

between the front of the tractor amd the ground below would be 4.6 E
max

or about 70 V at E = 15 V/m. If uniform carth comductivity is assumed

max
at the largest conductivity for which 15 V/m would be permitted (o ¥ 3.5x10

-4

mho/m—see Figure 10), the source resistance (R ) from Eg. 5 is &bout

7,000 ohms. However, for someone touching the %ront of the tractor, the

two feet are now parallel paths to the ground, resulting in a total source
resistance of 3,500 ohms. The body current would then be predicted as 70/4,500
or 15.6 mA (using a body resistance of 1,000 ohms). The situaticn could

be much worse if the ground under the person were a small region of relatively
high conductivity, such as a small puddle. This would greatly reduce the

effective source resistance but would have almost no effect on the voltage

on the tractor and could result in body curtents approaching 70 mA, or

even more.
It is not. difficult to construct other situations involving conducting
chjects that would yield similar results. Various types of pipes, aluminum
boats, chains, etc., could all be brought into the vicinity of ground ter-
minals and create hazardous conditions. There is a strona parallel between
these situations and the long-conducting-fence problem identified and addressed
in the Seafarer proposal. The mitigation standard of maximal allowable
voltage between a long conductor and earth of 6 V17 could be applied to these
situations. If 6~12 m is accepted as a reasonable maximal length for
objects that could readily be transported into the region of a ground

terminal, this would require restricting the maximal electric field along

the ground terminal to a range of 0.8~1.3 V/m. For normal step—-potential
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considerations, this would provide a safety factor of about an order of
magnitude before let-go currents could be attained. In the worst-case condi-
tions associated with conducting objects 6-12 m long near the ground ter-
minal, the body current would be limited to approximately the Underwriter's
Laboratories 5-mA specification. It would also place the wire-fence
mitigation level and the qround-ﬁerminal specification in correspondence,

rather than roughly an order of magnitude apart, as in the present proposal.

Vertical Ground Terminals

To reduce the surface electric field at a surface ground requires either
increased length or deeper burial. In regions of low conductivity, the
attainment of maximal fields of about 1.0 V/m could require very long or
very deeply buriad horizontal wires. Because very low conductivity would
probably be associated with the occurrence of bedrock near or at the surface,
the construction of very lona horizontal grounds would likely be difficult
in such regions.

An alternative is the vertical or well <:Jround,6 consisting of a veritcal
conductor placed in a drilled well. 1If the upper portion of the qground
corducter is insulated, the surface electric field can be reduced to very
low values. ‘This type of structure could be a suitable alternative to surface

grounGs in regions where surface conductivity is unsuited to attainment of

acceptable surface electric fields.

Conclusions and Recommendations

The present specification of a 15-V/m maximal electric field or a

1-mA maximal body current is judged to be inadequate to ensure safety
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from shock hazards along the ground terminals. Long conducting dbjects i

(aluminun boats, irrigation pipes, etc.) brought into the region of gqround

terminals could create serious, possibly lethal, shock hazards. Althouah the

step-potential hazard would probably be slight, there is little marqgin of

sifety. Hence, variation over time could result in hazardous step potentials

along a groumd terminal that originally was acceptable.
: A reduction in the specified maximal electric field at ground terminals

{ would reduce these hazards. If the maximal field were reduced by about one |

p !
g order of magnitude, approximatelv a tenfold safety factor for step potential

qt? would result, and the hazard associated with long conductors (up to 12 m) would
This

PR

be reduced to nonlethal, although still possibly painful, shocks.

change would also bring the ground-terminal specification into closer cor-

-

respondence with the 6~V mitigation level for long conductors (wire fences,

A reduction of an additional order of maonitude would

etc.) within the grid.

T T e T e i = g g ey . s

bring the ground-terminal fields into close correspondence with the fields

within the grid and would make the shock hazard at around terminals negligible,

R A 1 o e M) ) s et At ot

ag——

.
—

&
except for very long conductors (e.g., long wire fences).

e+l

The Committee recommends that:

) g

® The test-bed facility include at least one vertical qround

: terminal, to allow evaluation of this alternative desian as a means

e
o .

of attaining reduced electric fields at ground terminals.

b ° The final det: iled specification of ground-terminal electric

%- fields, including details of measurement procedures and survey
techniques for acceptance testing, be reviewed by an approoriate

group before anv construction is initiated.

s
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Cable Faults

The proposed Seafarer antenna would consisc of about 2,400 miles
(about 3,860 km) of insulated cables and would cover about 4,000 scuare miles
(10,360 kmz). For such a large system that operates continuously, maltunctions
cannot be completely avoided. It is therefore necessary to consider possible
hazards due to malfunctions.

Failures within the generating stations offer no unusual features and do
not in general affect the population at large. Attention is therefore con-
centrated on cable faults. Three types of cable faults can he readily
identified: breaks in the insulated cable (type a), breaks in the ground-
terminal wires (type b), and faults in the insulation (type c).

Same information about cable faults is available from the Wisconsin Test
E‘ac:ilit:y.29 Following the recommendation of the & hoc Panel on Sanquine of
the National Research Counci1,3l installation of a buried antenna under the
north~south overhead antenna was completed in March 1973. In the 2 years
after its installation, this underground antenna was energized for a total

of 362.8 h, and three cable faults were detected; two more

cable faults have since been reported (Table 7).

TABLE 7

Cable Faults at the Wisconsin Test Facility

Fault Date of Discovery Step Potential

1 October 1973 120 V/m (April 1, 1974)
2 August 1974 164 V/m

3 June 1974 Not measured

4 June 1975 Not measured

5 August 1975 Not measured

el e e T it o




The reasons for the cable faults are varied: solice failures, mechanical
damage during road restoration, and possibly lightning.

From the experience at the Wisconsin Test Facility, it is clear that
cable faults occurred frequenti ~nd that these faults could lead to step
votentials that are hazardous. Although the freauency of occurrence 15 expected
to be reduced greatly by the use of new types of cables, a reliable system
of detecting and locating cable faults is necessary. The proposed Szafarer
antenna consists of 47 independent cables, so the de-enerqizing of one or
two cables would not seriously affect the operation of the antenna. Accordingly,
once a cable fault r.ere detected, the location of the fault could be found
‘ with the malfunctioning cable disconnected. So far as rossible biologic hazards
are concerned, the important point is tc have a rapid and reliable svstem of
detecting cable faults.

Of the three types of cable faults listed earlier, those of type a would
greatly alter the antenna impedance and thus could be found easilv. Tywe b
faults are most likely to result from ground-conductor corrosion. Althouah this
problem was not addressed in the Seafarer proposal, means for nreventinag
corrosion and detecting ground-cable breaks should be develoved before instal-
lation of Seafarer.

Cable faults of type c would change the current in the cable only slightly,
because the current leaked to the surroundina earth would he relatively small,
and, unlike similar faults in power cables, could not be detected hy observing
the unbalance of the circuit. Because the current would change only slightly,
these faults wcild hardly affect the function of the antenna as a radiating
system. To observe cable faults of type ¢, the detecting system must be

30
sensitive to the =akage of less than 0.1% of the current.
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30
A detecting system for type ¢ faults has been proposed. In this sys-

tem, high sensitivity would be achieved by superimposing a DC voltage on the

AC signal. Because of the capacitors near the qround terminals, the DC cur-

rent would be very small in the absence of a cable faul*, provided that the capacitors
did not have parallel-connected bleeding resistors. If there were a DC cable

faul' of type ¢, the DC current would increase greatly, and this increased cur-

rent would signal the presence of a cable fault.

The proposed detecting system may therefore be adequate (i.e., suf-
ficiently sensitive) for DC cable faults of type c. Because the Seafarer
antenna would cperate at approximately 76 Hz, the faults to be detected, to
avoid biologic hazards, would be AC faults., All DC faults are also AC faults,
and most AC faults are probably also DC faults. The question that needs to be
answered is whether all AC faults at 76 Hz are also DC faults. The Committee
is unable to find a definitive answer to this question. A reliable system of
detection of cable faults must be demonstrated before a final decision to

proceed with installation »f the Seafarer antenna.
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BIOPHYSICAL PRINCIPLES

Introduction

Understanding the effects of ELF electric and magnetic fields on biologic

LU N DI X S

organisms or systems and evaluating the many experimental results that have
been reported can be very difficult. A set of quantitative, easily applicable
rules that are biophysicaily adapted from fundamental physical laws to make

fl:” them conform to ELF data can be very helpful. Some of these rules are not

-

exact, but in the few instances where deviations are significant, they can

} be dealt with as special nases with special hiochysicai models.
'3 The casual language of convenience in which we tend to call ELF fields 1
E "electromagnetic" fields is apt to lead us into error: there is a radiative
3 ,« or electromagnetic term in the ELF field that is all-important in long distance 3
. '{ communication, but its biosphere effects are trivial. In the near field, com— 3
. ll mon engineering usage sets a lower limit of 5% of a wavelength inside of which i
[ . separate consideration of the £ fields (electric fields), the I fields (elec- !
i tric-current fields), amd the H fields (magnetic fields) and their derivatives i
E g;‘: constitutes an adequate representation of Maxwell's basic laws. i
E 1‘ Let us be extraconservative and use 1% of a wavelength foraa tynical 76-Hz j
f * ELF field in air or free space. The wavelength here is (3 x 10 )/76 m, or 3
?1 4 x 106 m, or 4,000 km, which is 2,500 miles. Any organism or bio-element *
’ ; smaller than 40 km, or about 25 miles, in diameter can thus be examined ade-
} quately solely in terms of its electric-, magnetic~, and current-field
Py

characteristics.

P

d
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Magnetic-Field Interactions

B We may examine, separately ard in combination, what these fields can do to

a biosvstem. A magnetic field will act on magnetically permeable molecules,

macromolecules, and composite bodies to orient the unit in the direction of the

g = s

= field (across it in the case of diamagnetic elements) and to nolarize the ele-

I ment more strongly, in accordance with its permeability. With materials of

TR T R e
-l

high permeability (u = 1,000-100,000) such as iron or permalloy, one must care-

R e i 5 LRR b . o

fully distinauish between the H (exciting) field, traditionallv measured in

e

oersteds,* and the B (induced or flux) field, traditionally measured in aausses.

ey

- o

So far as we know (and scientists have looked for them in tryina to find

e e n S T

4

N magnetic~field senscrs in birds and other reported field-orientim orqanisms),

v there are no naturally occurring hiahly vermeable compoonents in ordanisms, with

—y

L R A

the possible exception of newly reported permanent moments in some microoraan-

i%g isms. Consequently, we can assume that, at ELF frequencies, ambient maanetic
ﬁ fields in biomaterial are the same as external fields; thus, we can use the

g gauss without special provisions, For reference, it should be remembered that
‘Q. the steady earth field is about 0.5 G amd that in the tymical American home
;; one is alsc subjected to a vervasive ELF ambient 60-Hz magnetic field somewhat
{; less than this, which rises to merhaps 20-40 G when one handles ordinary electric
LW

{; equipment, such as a hair dryer, a food mixer, or an electric drill.

%; Uniform ELF magnetic fields do not cause net translational forces on ner-
%5 meable elements of biosystems, and so do not cause narticles to "move," unless
I

there happen to be mechanical linkages to convert rotation to translation in

submicroscovic analoay to the mechanical rack and vinion.

*y

*] oersted = 79.6 A/m.
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For a field to cause movement of molecules, a spatial oradient nust be
present; i.e., the field must change with distance. In simolistic terms, the
elementary magnetic dipole must find its vositive end in a different strength
fram its negative end; otherwise, the two forces cancel exactly, and no net
force is experienced.

It is widely recognized that, for "soft" permeable magnetic marticles, the
translational force will be proportional to the oroduct of the field strength
and the spatial field gradient at the varticle location. These forces can

collectively be called "field-generated forces."

Magnetically Induced Currents

ELF magnetic fields produce another secondary effect, calllwd eddv cur-
rents, that could conceivably produce biologic effects. Corductive, or for that
matter electrically susceptive, material in which a chanaing magnetic field
exists has induced in it an EMF, which can be thought of as the source of eddy
or secondary currents.

At ELF field strengths and frequencies, these internal currents are very
small; but they must be considerad as possibie transduction mechanisms, in .ow
of the very sensitive current-detecting organs now known to exist in several
fish species. To establish order of magnitude for thess currents, consider a
large loop of conductive tissue that might reasonably be found in a human head.
This loop might be 30 oanm long and have an area of 50 cmz. If this looo lay in
a plane normal to 2 strong environmental 60-Hz ELF maanetic field of 1 G, an
EMF of 189 uV would be induced in it. With a typical tissue impedivity of
500 ohm-cm, this will oproduce an AC 60-Hz current density in the tissue looo

2
of 0.0126 pA/cm (and incidentally one-fourth of a cysle out of time ochase with
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the maanetic field). This current density is of the same aeneral maanitude as
that produced by the cumulative stray currents escaning from the brain cells
that oroduce the familiar EEG brainwave signatures, which are aenerally con-

sidered to have trivial influence on brain function. They have been called

the noise of the brain's motor.

Electric-Field Concepts

Turning next to the electric and electrostatic aspects of ILF fields,
there is at least one simple but relatively unfamiliar field measure that it
is essential to define, if we are to think easily of the electric fields inside
and outside living organisms: the Maxwell displacement-field current density.
This current flows in materials, aven though they are nerfect electric insula-
tors, or in empty sovace itself, by virtue of the time rate of change of an
electric field., We nead a field-form for this current that will remove the
mystery fram the currer*s flowing into ami out of the surface of an oraanism,
grounded or insulated, and into the surroundina nonconductive srace and often
strongly influenced by the size ard share of the organism itself as it distorts
its surrourding field.

At this puint, it would be useful to review brieflv the terminoloqy used
in describing ELF fielus, especially for conditions in which electric-current
fields that produce biologic effects are mixtures ot displacement currents and
conduction currents, both brought about bv changing electric fields. Ohm's
law, I = V,/R, amplies to DC currents (1), ootential differences or voltades
(V), and resistance (R, in circuits made up of components connected with con-
ductors, such as wires, with each component considered as "lumoped" in one place

am all the currents between them concentrated into a conductimy "wire."
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ELF systems differ in two important aspects from these basic circuit
systems: currents can flow not only because of potential difference, but also
because of time rate of change cf electric fields (displacement currents) and
because of the time rate of change of maqgnetic fields (induction or eddy cur-
rents); and the currents flow in the bulk of the biologic organism and its
environmental surroundings and are not confined to wires or highly localized
channels. We must therefore substitute a measure of the field densities--flux

per unit area--for the simple total flow. To do this, we introduce a new form

?g of Ohm's law, making separate orovision for the displacement and induction
ivi currents; these are sometimes called "imaginary currents," because they are
i

"intangible" in ordinary Ohm's-low terms, but they are just as real, with

- respect tc shock potential and possible biologic inter..ction. i
g - For simple resistance, we intrcduce impedance (2), which is made un of

k-f the familiar resistance (R), added by pronmer mathematical technique (comlex

12
a
o b sz ot S b e MLt Gimes it a

addition) to the term reactance (X), so that = = R + jX, where j is v -1. i
E Because we want to be able to use the extended concept of conductance, 5, which
g li is the reciprocal of R in ordinary circuit theory, we introduce the new measure

Y (admittance), which is similarly made up of a "real" term, G, plus a new

e e,

term, susceptance (B), so that Y = G + iB. One must be careful, however, to

F e

TUF

carry out the recivrocal calculation in complex terms, so that, although

- et
RS

. e

Y = 1/2, G is not always equal to 1/R, and B is not always equal to 1/X.

-

Ui

To go to the simplest formation that will cover ELF interaction with

biologic systems, we must generalize these AC forms of Ohm's law to a field

B e L

Eorm; that is, we must state them so that we can measure in field-density

terms eguivalent to amperes per sauare centimeter, etc.

L
L
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There is already a widely familiar terminoloay for resistance and con-
ductance that has been used for decades by physical chemists and nphysioloaists.
Resistivity is the density of resistance and must be medsured in terms of cohm=
centimeters or a dimensionally ecuivalent measure, such as ohm-meters. The
need for the length unit arises because ohms for a uniform material is equal
to the resistivity times the length of math divided by the conductor cross-
sectional area, and so a "length" unit is left over in the denominator and
must be incorporated in resistivity to balance. Conductivity is familiar as
the reciprocal of resistivity and has corresponding dimennsions, recinrocal
ohms per unit length. Conductance is often expressed in mhos (from ohm snelled
backward), so a typical conductivity unit will be the mho-centimeter.

By simple extension of terminoloay, the field forms of impedance become

impedivity, made up of classical resistivity comhined with reactivitv bv

standard complex addition. Admittivity becomes the combination of conductivity

and suscegtivitx.

These units are not really a complication, but actuallv make it very easv
to think of ELF system relationships. We cuickly learn to think of the dis-
placement-current density as an easy measure of the field effect renresentina
the displacement current devosited on an animal surface as a result of the
admittivity of air, which is almost totally due to susceotivity, because the

conductivity of air is nil.

Electric-Field Interactions

An illustration of the vractical usefulness of these relationships is to
be fourd in ccnvertimg the ELF-field statements as thev are ordinarilv qiven

into more bioloqically relevant eauivalents., It is likely that, with only
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rare exceptions, such as the rair.ng of hair in extremelv strono »° trostatic

fields. ELF fields wroduce their effecis or. biologic organisms by “tue of

‘ the ordinary electric-current fields thit they prcduce in or at the surface
‘ of the organism,

ELF electric-field strenqgths are traditionally expressed in volts per
 '7 meter wherever they may be--in earth, in water, or in air, A typical value
[ for a Seafarer ELF field might be 0.1 V/m. An impedivity of earth might be
5 5,000 chm~cm; of a puddle of water, 1,000 ohm~cm; amd of soft, nonfatty
biologic material, 500 ohm-cm. The impedivity of air at 60 Hz, tvoical for

ra 10
3 ELF, is 3 x 10 ohmcm,

In any medium, the electric~current density, the measure that is bio-

. lojically pertinent, can be calculated by dividing the electric-field strenath
.1 in volts per centimeter by the local impedivity in ohm-centimeters. Cor-

‘ responding units of volts per meter ard ohm-meters will, of course, give

equivalent current densities in amoeres ver souare meter.

T T T T SR T o TR, T R
K - LN .

‘ Because the ELF horizontal electric field in the air just above _he
ground is about the same as that just below the earth surface, consider the
effects of this same field strength on organisms living in and above the

earth, The current field in the earth would be 0.001 V/am divided by 5,000

=1 2 -6 2
ohm-cm, or 2 x 10 A/cm ; in a ouddle of water, 10 A/em ;3 and in body
L -6 2
N tissue, 2 x 10 A/cm . In air, the field-current strenath would be onlv
: ‘1 0.001 V/om divided by 3 x 10 ohm-cm, or 3.33 x 10 A/cm . A very common

threshold strength of current field for hiologic stimulation in 1 mA/cm .

Rl Ao

H
: The earth~ or water-living organism miqht thus find in this same electric-field

- strength of.(i'._l V/m a current between one-thousandth and one Ffive-thousandth
: -14
‘( enough tolstimulate it. In air, the correspondina field current of 3.33 x 10

?.1 -112-
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A/om is lower by a factor of 3 x 10 , or 30 billion, than that which miaht .

be expected to produce senzation.

Current fields must be continuous, so these fields that imoinae by virtue
2 of displacement current on a biololic object continue into that object with-
. out change in strength. It is common in ELF research reports to substitute
the free field--i.e., the field measured or calculated for the svstem with the
| orqanism removed~—for the electric field with the organism oresent. This is

e convenient and avoids difficult calculations ard aporoximations, but it is

Ml . Mt 2t S il i T G

1 remsa 7,

inaccurate. Indeed, it is like assuming that the light intensity deen inside

PRSP ot X

a human body, illuminated from outside, is the same as that which would be
measured if the body were not there.

Within the surrounding insulatina medium and at the surfaces with which it
v makes contact, the density of the disnlacement-current field, in amneres per
';g square centimeter, is proportional to the notmal electrric-field strenath and 5
n also proportionnal to the time rate of chanae cf field, hence, Airectly pronor-

. tional to frequency. Inside biologic tissue, disnlacement currents continuec to

[ flow and are indeed enhanced if the dielectric constant for the materiaL is high.
B,
)

In the case of watery fluids, this factor will be about 80; it mav be much higher

for some biologic structures. In spite of this enhancement, however, these cur-

rents are usually trivial, with respect to ionic conduction currents. Consider

. a strong ELF 6U-hz field of 300 V/m imoinqaing on a tissue surface with its at-

. 3 =1U 2

5,$ tendant current density of 10 A/cm . The dielectric immedivity of the tissue

Loy 9 3 ‘

might be 3/8 x 10 ohm-cm, and its conductive impedivity about 1/2 x 10 . Less ;
£

than one-millionth of the current would then be carried bv displacement current,
and the potential gradient in the tissue would be lower by a factor of 30 millien

than that in the environment; 1 pV/cm for an external 3,000-V/m field.

% g§ -114-
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It is interesting to compute the total current that results from exposure

to a typical 6U-Hz ELF field. Using the impedivity of air at 60 Hz, we im—

mediately see that the displacement-current density flowing into the skin of a
subject exposed to an electric 60-Hz field of 100 V/m—-a common indoor value
near electric liahting fixtures--will be 1/3 x 10-10 A/cmz, or about 30 nico-
amperes/on2 (30 pA/cnz). If the whole body surface of about 1 m2 were ex-
periencing this fie.d strength, of uniform density and oolarity, a grounding
current of about 1/3 uA would flow. Exnerience shows that currents of 0.1-1
wA are typical in a room that is not expecially prepared, so the assumed field
is nct unrealistic.

One can feel currents by direct stimulation from an ordinary electrode
contact at about 1 mA. Are such currents likely to be produced by arounding
a body in an ELF electric field? Not very likely, because the whcle body sur-
face would have to be in a field of 3,000 V/cm, or 300,000 V/m, which is
vastly beyond Seafarer fields and not far from the range vhere soark discharaes
will begin from local surface irreqularities. A phenomenon of electrostriction
allows an animal to detect much smaller currents than this by tac.ile forces
as a dry skin surface is moved over a charged conductor. Here, a mere 10-20
V with only a few microamperes ver sauare centimeter at the skin surface mav
cause perceptible dielectric forces in the skin with local field strenaths of
perhaps 10,000 V/cm with as little as 2-4 yA of total current.

When animal target of electric fields is unconnected bv conductors to any
other part of the ELF field, it must receive omposite-polaritv disnlacement
current at various parts of its surface, whose total inteqgral must be zero.

It will automatically, according to basic nrincinles, be driven to an A7
potential with respect to ground at which this result is achieved.
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With these measures of the biolonic fields to be expected as a consequence

of ambient ELF fields, we cen make plausible models for observed or anticinated

1
i
1

4

|

']

- effects.
;’,
1 Coupling
This section deals with the "coupling" of external fields into tissues of

2 man and other organisms. For low frequencies, the relationship of internal %
! 32 H
- and external fields is sirmly given by 5

: 1

E/E = fp/(6 x 10 ) (7)

1 a

T

toawr

where £ is the frequency in herizes and , is tissue resistivity in chm-centi-

i T
2 ol A St o ANl S b

- 3
. meters, assuming a svherical shave. Thus, for f = 60 Hz ani p ~ 10 ohm-cm,

' —7 4

. E/E =10 . For an ellipsoid aporoximating man, with the field parallel to é
P i a -7 ]

P the long axis of the body, the ratio will be about 4 x 10 . These theoretical

v results are well suoported by experimental evidence, includina studies of ELF
‘ 34

o injected currents in phantoms of man and man himself. However, all mathe- j

matical models assume homogeneity and, hence, uniform current densitvy. This

assumption is somewhat in error, amd optimal current densities mav be somewhat ;

T v ——— e e e

larger than estimated from above cuoted equations. For examole, heart is a

better conductor than surrounding lung tissue and therefore nav wall concen- ]

i e

P trate current to some extent; but cerebral tissues are somewhat insulated by

the skull. The agreement of the total injected current, as measurad on man,

with theoretical calculations inspires confidence in the modeling and inplies

e

i . that differences in local current densitv are insufficient to affect the total l
i ' current. It is probable that local current densities in soft tissues mav vary i
E ' by less than a factor of three or ten from those estimated from theory. But

g i -
E % -116~-
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: experimental data on this are limited. Aliowing fcr this fact, we estimate o %
maximal current densities induced in man by a vertical field to be around 10 E
E A/cmz, or 10-6 mA/cm2 for an external field of 1 V/em and 60 Hz. This is 10 E
: times higher than in a homogeneous spherical model. This current density is ’
the bulk-tissue current density, and corresponding membrane current densities é

f are several orders of magnitude lower, because most of the low-frequency cur- :

A rent passes through extracellular space. It is also a million times lower than E
2 v
the bulk-tissue current density of about 1 mA/an needed to cause stimulation

of excitable membranes.

- ge.
et VI
i

Eddy Currents

The above considerations do not include the eddy currents that are induced 3
o by magnetic fields. Consider a conducting spherical object surrounded by air

and exposed to an external magnetic flux B. Electric currents are produced that

circulate in planes perpendicular to the direction of the magnetic flux. The %
strengths of these currents and corresponding fields are nrooortional to the
%ﬁ distance from the center of the sphere and greatest at the perivhery of the
! equatorial plane. The magnitude of the field strenath, E_ inside the conducting

o i
' sphere in the ecuatorial plane is found by Ea. 8:

:’i
& §
. E =f rBr . (8) E
o i
b
p
. with E in volts per meter, distance from the sphere center (r) in meters, 5
: i ;
' frequency (f£) in hertzes, and magnetic flux (B) in webers per sauare meter.* E
H ‘“‘
A Table 8 compares internal field-strenqth values (E ) and current dersities (j) 5
i )
R -4 2 ;
u '{ *] gauss = 10 weber/m . 5
1 Sy -117- :
| ;
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TABLE 8

Internal Field Strength and Current Density
Generated by 60-Hz Magnetic Fields

N

Internal Field Strength Current Density
(E ), V/cm 2
i (), mA/cm

o -6
;gf Case I: B=0.1G 2 x 10 2 x 10
[ -3
E -10 -10
e E= 0.1 VM 10 10

i
) ; -5 -5
E'i Case II: B=1G 2 x 10 2 x 10

-5 =5

2 E = 10 kV/m 10 10
!;
; a generated by 60-Hz magentic fields of 0.1 G and 1 G, with values caused by
Loed
1;% electric field strengths of 0.1 V/n and 10 kV/m, respectively. The values

$i
~§; chosen are typical for Seafarer fields (Case I) and fields experienced under
B¢
E q high-voltage transmission lines (Case II). A resistivity of 1,000 ohm-cm has
. i ) . P
S been assumed for body tissues, i.e., a value slightlv above reported values.

3
1 1;" = [ »
A These data demonstrate that currents induced in a bioloaic object above around
‘fi' in the Seafarer case are largely due to the magnetic comoonent as loma as
- 5
L B >10 G, which is the case for most of the area. The electric comoonent is

e ) .
e negligible by comparison. In the transmission-line case, the E~ and B-induced
ok
;f} current densities are comparable. Hence, actual induced currents bv the sum
§ ; of magnetic amd electric fields are almost comparable for the transmission-line
Pl
¢ ; case and the Seafarer case, even the. «Je electric fields in air differ by a
. 5
|

. factor of 10 . For a more detailed discussion of E~ and B-induced fields, see
. 38
. Spiegel.
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The principles outlined above pertain largely to spheres. Much additional
4

work has been done for more complex shaves (see, for example, Barnes et al.,
Deno,10 and Baughn [Appendix A to this report]). These efforts indicated sub-
stantial modifications of the values for internal fields and current densities;
but they did not indicate any need to correct the conclusion that internal cur-
rent densities induced by Seafarer fields are many orders of magnitude below
thuse needed for nervous stimulation.

The principles outlined here deal largely with currents induced in bodies
surrounded entirely by air. Symmetry considerations sugqest that similar re-
sults pertain to the case of half-spheres and soheroidal models of man - con-
tact with groumd and otherwise surrounded by air. There are, however, important
other classes of effects with respect to which Seafarer fields are anticipated
to be of considerably higher potential risk. These include, in particular,
the cases when two parts of the human or animal body are in direct contact with
different potentials (two-contact case), such as when two leas or extrewmities
are in contact with different votentials (step potential) and when two leas are
in contact with one pcyential ad the arms are carrying & metallic object that
is in contact with another potential. The Comittee has not been varticularly
concerned about the hazards of induced currents (no-contact case), because
induced currents and current densities are exceedingly low. But it is con-

cerned about the possibility of hazards associated with a two-contact case near

the ground terminals.

Heatigg

The effects of undue heat develooment from exposure to electric fields

need not concern us here. They require internal fields much areater than those

=119~
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created by external fields of some volts per centimeter. Heating from electric
currents is considered potentially hazardous if it is considerably greater than
that resulting from basal metabolic rate and if it occurs in all or most of
the exposed body. For example, man's basal metaholic rate corresponds to a
current density of around 1 mA/cmz, or to an in situ field of about 1 V/cm.

An external field of 1,000 kV/cm, which is manvy orders of magnitude higher

than Seafarer fields, would be required to generate this.

Excitation and Tissue Current Density

Basic axonoloqy has advanced imoressivelv during the last four decades,
establishing some of the important achievements of modern bioohvsics.8 Membrane
currents and membrane potentials needed to lead to the vnropagation of action-
potential spikes are rather well understood, although the mechanism that leads
to the time- and voltage-dependent sodium and notassium aatina currents and the
influence of calcium on these gates remain unresolved. Briefly, membrane oo-
tentials may well respond to small stimuli-—a few millivolts or overhans even
less. But the stimulus needed to aenerate promagation of action potentials is
about 10 or 20 mV across the membrane and must have a minimal duration. The
experimental advances of modern axonology were cast more than two decades aqo
into a set of equations, the Hodgkin-Huxley (HH) eo.uations.16 These emistions,
which continue to be considered of value, even though modifications have been
suggested, have been the subject of intense study amd may be used to predict
the onset of spike potentials.7'l3 Only recently, some work has been done with
AC voltages and related clamp technology. More extensive work has dealt with

pulese, all of which appears consistent withk the lona-established abservation

of the "all-or-nothing" tyme of stimulus needed to evoke a transmission of
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action potentials. The stimulus needed is at least several millivolts across

TET T T A

[ P Y

the membrane for periods in the millisecond range and with AC frequencies below

i
3
3

about 100-1,000 Hz, depending on the strenath of the stimulus,

In summary, it can be said that modern axonology suagests that, at fre-
quencies below 100 Hz, membrane votentials of some millivolts must be applied,

to cause excitation. The fact that this is far above the noise level across

T T T T T e T
R ]

MY 0 SRR

the membrane suggests that more subtle effects are vossible. It is also
j notable that membrane potentials in the willivolt range corresnomd to field
-
;ﬂ strengths in the membrane of several volts ner centimeter. Changes in molecular

conformation are considered possible at such field strengths, even though no

% enanmteE

detailed model has been suggested.

iy,

The considerable work that has been done on the HH ecquations, and as

Sy A ey -
ROy Sl

pertinent to the problems faced by the Committee, includes further advances
13 20
ard modifications proposed by FitzHugh, Palti and Adelman, and others,

B N

23
H

LIPSt

Some of these models have been linearized for small anplied sianals and

alternating fields. The nerve admittance magnitude displavs, above the

g2,

LR LRV

potential -frequency plane, sometimes broad maximims and sometimes exceedingly

RSyt gt

o sharp sinqularities, depending on the model chosen and the membrane tvne con-
B

iff sidered9 {W. J. Adelman, -Jr., personal communication, 1976; L, J. NeFelice,
fi‘ personal communication, 1976). These damned or fairly sharoly turned admit-
9 tance resonance effects are related to the interactions of the camacitive and
W

inductive dispersion terms that characterize membrane behavior and can occur

in some of the models treated only a few millivolts off the resting potentials.

Rt

L e LA

The significance of these possible "resonances" to threshold of stimulation

LR 3

X has not been treated yet.
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More recently, attention has again been paid to linear measurements.
There appears to be little doubt that the linear admittance of the sauid axon
membrane includes a capacitive dispersion that is not included in the HH
model.40 Measurements with broadband noise as a signal source and rapid
sampling of the frequency band of interest may indicate even greater comolex-
ities in the behavior of the linear admittance, as observed by small-amplitude

12,22
signals.

Thus, present theory and measurement do not yet provide a concise answer
with regard to thresholds for excitation effects of alternating fields. In
general, calculations with pulses indicate that millivolt potentials are neces-
sary for excitation, even though fractional millivolt effects may well be vos-
sible under as yet unknown circumstances. Clearly, modern axonoloay does not
explain how microvolts across membranes may be of any sicnificance.

The translation of membrane potentials induced hw alternatina fields
into tissue current densities is somewhat complicated. For cell suspensions,
appropriate extensions of classical Maxwellian field concents have bgeg de~
velooed whose electric properties are related to cellular narameters % and
whose induced membrane potential is related to averaage bulk current density as
a function of external field, membrane conductance and cellular volume concen-
tration.32 For spherical cells suspended at a low concentration, the membrane
p- ential, AV equals 1.5 ER (E = field outside cell, R = radius). Because £ in

rn is related to the specific immedance of the suspension, p , and the current
density, ) , by E =,p, AV = 1.5 Rjp. Thus, for 10-pm cells, a membrane ooten-
tial of 1.5 mV corresponds to a current densitv of 1 mA/cm2 (tvoically,p =

1,000 ohm-cm). The applicability of these formulas to the more dense tissue

configuration cannot be exact, but avpears justified, because Maxwellian mixture
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formulas appear to be fairly predictive at higher cellular-volume concentra-
tions. It follows that membrane potentials of some millivolts correspond to
2
tissue current. densities of about L mA/cm , with a fairly considerable range of
2

2
uncertainty extending fram less than 0.1 mA/on to about 10 mA/cm , depending

on membrane resistance values (assumed to range from 1 to 1,000 ohm/cmz) and
cellular volume concentration, i.e., extracellular space.

An abundant and quite consistent literature exists on two-contact hazards,
including threshold-of-perception currents, "let-go" currents, and currents
leading to fibrillation. Order-of-maqnitude thresholds in terms of total-body

32
current and estimates of the corresponding current densities are in Table 9,

18 32
For a more detailed survey of the field, see Keesey et al. and Schwan.
Keesey et al. listed, for the 99.5% adult-male release threshold of 9 mA, con~
tact potentials of 1.8-13,5 V for corresponding body resistances of 200~1,500

ohms. Internal body resistances, not including skin impedence, range from

600 to 1,500 ohms and that, correspondingly, a voltace auide number of safe

TABLE 9

Approximate Threshold Currents

Threshold Current

Perception 1 mA

Let—go 10 mA

Fibrillaticn 100 mA
-123-
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exposure of 6-15 V appears appropriate. Lowest-voltage fatalities quoted hv

bighont

Schwan were stated for 46 and 47 V, supporting the idea that fatal currents

AL T

are almost one order of magnitude hiaher than threshold values of "let-ao"

brac=e)

currents. It is apparent fram the literature that a body current of 1 mA is i
close to percention threshold, and that 10 mA is rather unoleasant, if not

dangerous. Corresponding body contact potentials for a 1,000 ohm bodv would

“, be 1 and 10 V, respectively. It appears, therefore, that the Navy fiqures of

‘1 1-mA body current and 15-V contact potential correspond to the extremes of the .
!;‘f range from perception to above the let—go threshold. An additional element ;
'2 that impinges on the margin of safety of the Navy's recommendations for sten

E potentials is the Navy's use of a body impedance of 1,000 ohms. This fiaure

is usually quite conservative, but wor§t7:-case fégures may well be lower, ranqina

down to about 600 or 800 chms (Simbel, Schwan ). Navy specifications realv,

oy

G Tl e R

for the realization of a conservative body-current limit of 1} md, on a theo-

R Al

retical model that is too simple to deal with in reality, because it assumes

e

} a uniform soil conductivity and thereby derives an inappropriate worst-case

1 Ti:

3 f’ source impedance. This aporoach may well cause unpleasant, if not danaerous

; ‘!.“:

m. step potentials.

N

e

¥ Threshold of Sensation

L

N Extensive work has been carried ocut on thresholds of sensation. Usually, 3

, Ei' the total current needed to elicit the effect in cuestion is quoted. However,

-' E approximate estimates of current densities are possible from cross-sections of 4
L 32 3
e . .

b involved excited structures. It appears that auoted threshold values denend

! 2 ,
{ . . -

P heavily on frequency, with a minimal threshold value of about ' mA/amn corre- ;

. E:

sponding to internal (interstitial) field-strength value of about 1 V/cm at

. L ‘<~

frequencies between DC and 1006 Hz. 3
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Additional data are availabhle from studies of the current needed to excite
23
cardiac tissues with pacemakers. These studies indicate that the threshold

value in terms of current density may also be a function of the volume of
2
excited tissue. Published values vary from less than 0.1 mA/cm , if current
2
is injected with large electrodes, to 10 mA/an amd even higher for smaller

electrodes.
Finally, a considerable amount of work has been carried out on efforts to
19
stimulate cerebral tissues for purposes of electroanesthesia amd electrosleepn. 3

Again, total current values are usually cquoted, and it is not entirely clear

what fraction of the applied current actually penetrates into brain tissues.
2
However, the data indicate current-density thresholds of about 1 mA/cm , with

PRI

a factor of uncertainty perhaps up to 10.
It appears, therefore, that experience on sensation threshold, let—qo cur-

rents, fibrillation, cardiac pacemakers, amd electrosleep and electroanesthesia

R A W 3 i Sl e s Lol Bim e

is consistent with the principles suggested by modern electrophvsioloqv and

axonology. These principles, developed for sinale cellular entities, suagest a
2
threshold of very approximately 1 mA/aom bulk time current density, which cor-

1V a8 hd

responds to in situ field strenaths of about 1 V/cm. However, this fiqure can be

only very approximate, and weaker interactions have been revorted. For exarple,
42

Terzuolo and Bullock estimated the intensity of the volt~ge qradient in the

saline solution surrounding a neuron (stretch receotor of the crayfish) when an

- ekl

imposed polarization was just great enough to cause a noticeable chanage in the

frequency of firing. Very weak fields in the medium around the cell were suf-
2 s
ficient. These fields correspond to 0.0l V/cm and 0.02 mA/cm , which are lower 3

than current densities that can excite cardiac tissue if aoplied with larqer
23 24
. electrodes. Schmitt, Dev, and Smith recently vointed out that "interaction

g‘g -125- ;




L .

1
¢

t
{
'
1
i

“cj""M‘r-' -

-~
-

¥ TH 22

i P e ergy
RPN 2

T L

- &
- ———— e Dt s

)

[in the central nervous system] is mediated by qraded electrotonic changes of
potential and is transmitted throuah high sensitivity (submillivolt threshold)
synapses rather than by the lower sensitivity (20~ to 100-mV threshold) synapses
typical of projection neurcns." Thus, unusual sensitivities at current density
amd field magnitudes less than one-tenth the l—mA/cn2 and 1-V/cm fiqures, and

corresponding membrane notentials of some milivolts, have been demonstrated.

Even weaker interactions are discussed later.

Field-generated Force Effects

Electric fields can directly interact with matter and create forces that
can act on molecules, as well as cellular and larger structures. Most of these
interactions are reversible and do not necessarily have demonstrable bhioloaic
effects. An example is the movement of ions in an AC field, which is inconse-
auential, provided that the field is weak enough to prevent undue heatin9 from
molecular collisions (i.e., below about 1 V/cm, corresponding to 1 "\A/cmz in a
physiologic medium). Another example is the orientation of pmolar macromolecules.
For field-stranqth values of interest here, only a very partial preferential
orientation with the field results. Comolete orientation and consequent dieles-
tric saturation requires field strenaths of thousands of volts per centimeter.

Electric fields can interact just as well with nonpolar cells and oraanelles
in the absence of anv net charqge. These "ponderomntoric" forces are well known
and understood. Any system exnosed to an electric field will tend to minimize

its electric potential enerqy by aopropriate rearrangement. This statement is

equally true for DC and AC fields, because the potential enerav is a function

*But changes ot this magnitude occur in membranes on depolarization. Hence,
field~induced orientation amd changes in orientation of membrane molecules
appear possible. Corresponding tissue current densities would be in milli-
amperes per sauare centimeter, as discussed above.
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of the sguare of the field strength. Inasmuch as the induced dinole moment of

a cell or large particle depends on both the sauare of field strength aml the

; volume, it is not surprising that the threshold field to overcome thermal agi=-
-1.5
tation is provortional to R , where R is the effective radius of the par-

’)".:‘ ticle. Experimental evidence confirms the principle; threshold field values
3 33
N for responses of 10- um cells are about 10 V/cm. But €or 10-nm macromolecules,

1
i
i
i
i

1

|
1
i

]
]
3
1
'
A
4

& they are about 10 kV/cm and comparabla witli the fields needed for complete ori-

entation, owing to the existence of a tynical dipole moment of about 10 debyes.

B L TIPIN  PPy R

i The field effects may be manifest as movement, orientation, deformation, oc
13 31,33,36

3 destruction of cells in inhomogeneous fields. Some of these effects

1

; : can be very dramatic near the tip of a small electrode,

P e s it A i A 2

L Experimental and theoretical evidence indicates that rmulsed fields cannot
have qreater effects than continuous fields of the same averaace nower. lence,

modulation is not expected to have special effects.

Field forces due to the induced dipole moment of the field have been
listed as cevidence of nonthermal action of electric fields on hioloaic systems.

However, the effects require fairly larqe field strengths frequently above those

LEbi i WL . . a i, ai AN ¥t S e i

which qive rise to heating or stimulation of excitable tissues. The field

wp ez
e

!
E; forces also deperd heavily on the electric' properties of the particle considered

, :: and its environment. Hence, the threshold above noise is a strong f\;;\ction of 1
g frequency and has been proposed for purposes of cell classification. In
Y U 3
3 general, available evidence and oresent understanding indicate that significant (
P

.

effects with field-evoked forces above theimal noise reaquire field strengths

above 1 V/am in the medium, unless cellular dimensions are well above 100 ym.

s
- %
PR S

Corresponding field values in air would be a million times h*.‘iher. Reported

biologic manifestations of field-aenerated electric forces apnear to ’l}ave much j
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in common with some magnetic effects on bactevia. Further details and references
are provided later, in the discussior. of magnetotactic bacteria; see also
Schwan33 for the relationship of threshold field values of these effects com-
pared with thresholds for membrane interactions. Membrane dielectric break-
down appears to occur at somewhat higher field values corresponding to invoked

44
membrane potentials near 1.5 V.

Some Extraordinary Membrane Systems

Verh high sensitivities to electric fields have been demonstrated in a
variety of electrosensitive fish species. Sharks can detect external fields as
small as 0.0l uV/cm (A. J. Kalmijn, versonal communication, 1976). Becau.e fish
tissues have a higher resistivity than the surrounding seawater, external field
strengths are of about the same magnitude s in situ internzl tissue values.
Important organs utilized by electrosensirg fish are long tubular structures,
the ampullae of Lorenzini. They apnear to sample the field strenath over most
of their total length ard apply this total potential to the endrecentor ewithe-
lium of the ampullae. Because these structures are more than 10 c¢m lona, the
field strengths quoted above result in recentor potentials of 0.1 uV. The fish
is aided in detecting these exceedingly small membrane notentials, in the nre-
sence of a typical noise level of about 1 uV across the membrane, by the low-

band-pass characteristics of the ampullae of Lorenzini.* The ability to detect

43

*Waltman investigated the almost ideal cable properties of the amullary re-
ceptors, and Kalmijn qave the following low-pass 3 dB-noints: 30U Hz for a
l-cm canal, 0.04 cm in diameter; 9 Hz for a 10-cm canal, 0.12 cm in diameter;
and 3 Hz for a 20-om canal, 0.12 on in diameter. The handwidth of 300 47 would
be more comparable with that of axons than with 9 4z, which appears to be a
typical observed fiqure for sharks. But it requires a shorter canaal and re-
quires an external field 10 times laraer to vield the same endrecentor potential
threshold,
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the small fields decreases rapoidly and nonlinearly with increasina freauencies
above 8 or 10 Hz., Thus, the signal-to-noise ratio is about 100-fold higher

than characteristic for tissue, sensitivitv to electric currents. The recentor

&
».

potential of ..1 uV would therefore correspoml to sensitivities of aroumd 0.01
mvV on a broad-band basis extending to 1,000 Hz.

This potential is one one-hundredth of the typical value of about 1 mv
cited for the threshold of nervous stimulation. But ovotentials only 10 times
larger have been cited as involved in electrotonic conduction processes in the
brain.

The evolutionary development of highly sensitive combinations of field-
integrating tubular structures with sensitive receptor-membrane structures may
well be related to the high conductivity of water, compared with that of air,
favoring adequate "coupling" of external fields. The fishes' reception mech-
anism clearly operates much more closely to noise level, than to single axons,
which operate at 1,000 times above their noise. Thus, although virtually
nothing is known about the details of the bioohysics and electrophysiology, the
ampullae of Lorenzini anmd their endreceptors may be viewed as sinale small
receptor units with high sensitivity.

Cerebral sensitivities to weak electric fields obviously do not rely on
the existence of large structures, such as the amnuliae of Lorenzini. But if
there are cellular structures whose sensitivity is comoarable with that of
the amrullae endreceptor membrane svstgm, fields smaller than sugnested by
modern axonology by a factor of 104-10b can be detected. These responses must
e restricted to smaller frequency ranjes, to emerge above noise, and are

possibly limited to fregquencies elow 50 Hz.
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In recent years, evidence of subtle effects of ELF fields on biolonic
2,3 _
systems has been increasing (see Adev and Anpendix B). Some of this work is R

discussed in greater detail in the section on mammalian neuroohysiology and
5
behavior. Of particular note is the report that cerebral calcium binding 1s

sensitive to weak ELF fields. These effects are reported to be sensitive to

TSN

frequency and amolitude, with "windows" in the freauency domain at about 6-15

Hz and in the field magnitude at about 10-60 V/m in air. This corresnonds te
-7 ]

in situ bulk tissue aradients of around 10 V/cm. Commare this sensitivity >
_8 .

with the 10 V/om in the most electrosensitive fish species.

AR PRI

The. electrosensitive fish intearate the ficld strength over the amnullae
of Lorenzini to a membrane voltage of 10-7 V. Cell membranes, however, nerceive
potentials that have been obtained by intearation of the field over the cellular
dimension (see Apmendix D). Thus, for 1U0-pum cells, the samlina factor is
1,000 times smaller than in the case of the fish. Membrane »otentials resultina
from tissue fielids of 10-7 V/cm are about 10_10—10—9 V across the membrare. 0

This value is considerably below thet tynical for most sensitive fish, It would

require an unusual dearee of molecular coonerativity not yet demonst.ated and 1
extending over several cellular dimersions. A rather hich dearee of frequency i
selectivity is also called for, in that the cuoted value of lO—9 V is onlv one
one-thousandth of a typical membrane noise level of ashout 1 yuV.

Several attemots have been made to model such bhiahly cooperative effects, §

Some of these, however, concern only the verv-hiah-frecuency ranﬂv,‘ahout 100 I
Gz, where water loses its dammenina nrooerties.14 Nther attemntslb have not L
yet been subjected to critical anslysis and are still ~ualitative, even thonah
attractive. The nossibility of highly coorerative nhenomena that are field-

induced and take place in the membrane structure is interestina. Ayvailable
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dielectric data could well support such a concept, but also permit different
interpretations (see Avvendix D).

electric fields have been demonstrated so far require fields areater than 10

35

kV/cm (G. Schwarz, versonal communication, 1977; see also Schwarz ).
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BIOLOGIC EFFECTS OF ELF IIELDS

Genetics

The elementary units of biologic infermation, which make up the genetic
endowment an offspring receives from its parents, are linearly arrayed alonqg
nuclear structures called chromosomes. A chromosome contains a helical macro-
molecule, deoxyribonucleic acid (DNA), which consists of a linear sequence of
smaller units, termed nucleotides (or bases). The tyme and order of the mucle-
otides constitute a code that determines the structure anmd regulation of the
offsprina's enzymes. Changes in the sedquence of the nucleotides that an off-
spring has inherited fram one or the other parent occur spontaneously on
occasion. These changes may be relatively minor, in the sense that an alter~-
ation in a single base might have no readilv recognizahle conseauences to the
organism, or they may be profound and involve thousands of bases, which miaht
amount to the Joss or addition of a pvortion of a chromosome. In either event,
the phenomenon, mutation, results in a difference between the biologic infor-
mation that an organism may transmit to its offspring amd that which was in-
herited. Experience suqgests that most newly arisen mutations are deleterious,
that is, they reduce the bearer's capacity to survive, reproduce, or hoth.

Almost a half-century ago, it was demonstrated unequivocally that muta-
tions can be induced. Ionizing radiation, such as x rays anmd qamma rays, and
such particles as neutrons increase the rate of mutation in a predictable man-
ner that is related to rate of administration amd other variables. A variety
of chemicals, such as nitrogen mustard, many of which are known to predisvose
cells anmd tissues to cancer, also increase the rate at which mutations occur.
The biologic comparability of induced and spontaneously occurring mutations
has been actively debated; it will suffice here to statr thst ik nf the
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controversy has centered on whether radiation-induced mutations at & single
qenetic locus involve a base substitution or the loss of a minute amount of
DNA. It is aqreed, however, that induced mutatiorns, like spontaneous muta-
tions, are gencrally deleterious.

Man's exposure to an ever-increasina and bewildering array of notentiallv
mutagenic chemical compounds throudh environmental vollution, chanaima life
styles, and the exuberance of the pharmaceutical industry and modern medicine
prompts apprehension that his burden of inherited disease and disability mav
increase. It is natural for this concern to enbrace ionizing and nonionizina
radiation as well. Insofar as this report is concerned, the bioloaic issue
can be simply stated: Does extremely-low-frequency electromagnetic radiation
produce mutations, either alone or synerqistically with other agents?

Evidence that bears on the mutagenicity of exmosure to ELF radiation is
sparse; it consists of some in vitro amd some in vivo observations. We shall

summar ize these findings separately.

In Vitro Studies

Compelling evidence of the mutagenicity of ELF electromagnetic fields
would exist if such fields could be shown to affect DNA in vitro or to alter
the cytogenetic characteristics of cultured cells. Experiments of botb kinds
have been done. Insofar as the former is concerned, it can be arqued that
dissociation of chemical bonds within a macromolecule, such as DNA, will occur
if the energy absorbed from the electromagnetic Eiéld exceeds the oroduct of
the bond energy and the minimal number of broken bonds necessary to provoke
structural changes. The amount of absorbed energy needed to produce such
changes cannot be predicted exactly, but it is known that the enerqy of the

hydrogen bond (perhavs the weakest bond of all) is nearly 5 kilojoules (5 kJ).
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Radiowave energy at 100 Hz is only about 1.1 x 10 kJ/einstein. Thus, otior

considerations suqqgest that radiowave eneray in the freouency ranae of con-

i cern here is too small by manv orders of maonitude to produce nonthermal
: 23
effects on the structure of DNA. Takashima failed to observe structural

i ot L. 21 o e L K 0w ik sl

changes in DNA from exposure to pulsed enerqy at & voltage of 300 V (neak-to-
2 neak) across the radiation cuvettes. Frequencies ranqed from 10 Hz to 10 kHz

and from 100 kHz to 10 MHz, that is, throuah all the low- andi audio-freauencv

e MR i bt

ranqes ard much of the radio range as weil. Changes in ontical density and ;

viscosity were used as criteri. for strand separation and thus structural
10

;. change. Hamrick, working with much greater absorbed enerav, renorted that E
%; microwave radiation (2,450 Mz CW) "has very little, if any, effect other than %
é% the effect of thermal heating on the secondary structure of DNA as determined %
E% by cqmparison of thermal denaturation curves." Thus, althouah the data are g
§§§ testricted and the experiments based on enerqv alone minht warrant reveatina, g
L‘ thete is no evidence that ELF radiation producis chanqes in DNA. i;
E% Some vears aqgo, Heller and Teixeira—-Pinto ' renorted that mulsed radio- ;
\;f frequencies at 27 MHz induced chromosomal aberrations in qrowing asarlic root :
é% tips exposed to such radiation for 5 min. They reported linear shortenimq of
§§? chromosomes, pseudochiasmata, amitotic division, bridqina, and irreqularities
.gg in the chromosoinal envelope. These effects, although obhtained with enerav ;
L% ]
,%; high enough to be thermally siqnificant, indicated that nonionizina radiation ;
vg in the 1adiofrequency micht be effective as a mutagenic agent, ‘However, ?
R studies have not revealed comparable chanaes. Thus, for example, Coate and ;

¥ p
’4 Hoo examined cnion (Allium cepa) root tins qrown under several different

N sets of experimental conditions. These included 72-h exposure to 45 amd 75

Hz at each of two different electric field strenqths (1) and 20 V/m) and at
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two magnetic field strengths (1.0 and 2.0 G). For comparison, root tins
were grown in only the earth's magnetic field (approximately 0.6 G) and the
ambient 60-Hz electric field (about 0.05 V/m). They noted no chromosomal
effects attributable to exposure to these electromagnetic fields. Similarly,
Miller and his colleaques17 exposed the roots of the broad bean, Vicia faba,
to electric and magnetic fields comparable with, but areater than, those
associated with Seafarer. They observed no chromosomal anomalies among the
exposed roots; nor were there differences between exposed and control roots
in growth and mitotic indexes.

Gann and LaFrance7 have examined the effect of 60-lz fields on the arowth

and survival of cultures of subcutaneous cells of the rat. They found that

exposed cells invariably died at high field intensities (600 kV/m), but there

was no discernible effect of exposure on the cultures at lower field intensities

(200 kV/m). The former effect was not attributable, in their view, to chanaes
in either the culture medium or the environment, but their exveriments shed

no light on the mechanisms that may be involved. The experimental aovaratus
consisted of a vair of brass electrodes 2 in (5.1 cm) apart. A block of
phenolic material with holes to receive glass tubes containing the cell spec-
imens wes placed between the plates. Assuming that the alass tubes are com-
pletely dry, the field intensitvy at the surface of the aaar in the tubes is
judged to he about the same as the average field intensity. However, because
of the likely presence of a thin laver of water over the cells themselves,

the field intensity at the cell surface is likely to he smaller by many orders
of magnitude. At the hiahest field intensities used in this exneriment (600
kv/m), it is likely that field amplification at discontinuities (e.a., at the

interface between the tubes and supoortina holes) could result in local fields
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strong enough to result in corona. The authors stated that "secondary effects
fram ozone, nitrodioxide, ~orona, ard toxic contaminants were excluded," but
there is no indication of how they went aboué checking for the potential sec-
ondary effects. For example, it would be neaily impossible to determine
whether the cell colonies were in corona. 1t seems, then, that an important
point of this experiment is that no effects were observed at 200 kV/m, well
above Seafarer intensity. As indicated above, the chysical factors associatedl
with the conduct of the exnmeriment at the higher field strenqth (600 kV/m)
introduce complications, making it orobable that the effects resulted from
factors other than the electric field itself. These stndies do not suggest

a hazard at the field intensities associated with Seafarer.

In Vivo Studies

-

Mutagenic effects can be assessed in vivo through studizs of éhanqes that
involve specific identifiable loci or measurable attributes c¢f a pewlation
presumed to reflect genetic variation, but not assignable to specific loci.
The former has been called the "specific-locus approach"; it has an intuitive
genetic appeal and is undoubtedly the assay of prefere;he, but it is not
always practicable. The latter, the so-called "populétion characteristics
approach," has generally been used where the genetic details of an organism
are poorly understood--that is, where few, if any, snecific genetic loci have
been identified. Here one seeks evidence of changes in fertility, mortality,
growth, and similar characteristics presumed to devend, at least in part, on
genetic events. Evaluation of the mutaagenic effe~ts of ELF radiation on micro-
organisms and Drosophila has generally been of the former variety; studies of

the effects of such radiation on mice and rats have been of the latter kind.
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There is only one report of a vossible mutagenic effect of ELF fields

on bacteria: a study conducted at the Hazleton Laboratories by Pleiger amd
21

Coate. These investiaators examined the freguency with which auxotrovhic

mutants appeared in cultures of Escherichia coli, strain B, exnosed to electro-

magnetic fields of different strenath. As previously described in connection
with Coate and Hoo's onion root tip studies, two electromaqnetic fremiencies
(45 and 75 Hz) were tested, at two electric-field strengths (10 and 20 V/m)
and at two magnetic-field strengths (1.0 and 2.0 G). The "control" arouns
were exposed to the ambient electromagnetic field, namely, 60 Hz (about 0.05
mnV/m) and 0.6 G. Twelve cultures were assigned to six aroups, with two
replicate cultures per group; thus, only four of the eiaht nossible varia-
tions of frequency amd electric- amd magnetic-field strenaths were studied.
(It ig_not clear why a complete factorial desian was not used.) No mutaaenic
effect of the different electromagnetic fields was demonstrahle, as measured
by the occurrence of auxotrovhs; nor was a lethal or arowth-inhibitina effec.
of the radiation observed. It is important to voint out that the bacteria
were exposed to the electric fields by immersion of electrodes (Nu-way and
studs coated with'a mixture of gqraphite amd styrofoam dissolved in ethylene
dichloride) in the culture medium. The electrodes each had a surface area
of 9 cmz; the total current passed through them was approximately 5 mA. Thus,
the current density in the medium was approximately 0.5 mA/cmz. Near the
Seafarer qround return terminals (1 m), the current Aensity is estimated to
be approximately lle/cmz: along the antenna, the current density would he
considerably reduced.

Somewhat more evidence is available on Drosophila melanogaster, but some

5
of it is conflicting. Coate anmd Negherbon studied the resnmonse of wild-type

-142-

ot
.

AL s s mb ks ok ai

i Al A b AT e+ B G AL

D e acbeeeh e R s el




A.A.u- r—-.-w.,‘...g-m-m—sr,m

ot !

.
,
L

O Rt

(Oregor-R) cultures of D. melanogaster to exposure for 48 h to 45- and 75-Hz

electromagnetic frequencies at 2.0 G and 20 V/m. Again, the "controls" were
reared under ambient conditions, i.e., 0.6 G and a 60-Hz field of 0.05-V/m
intensity. Three treatment grouos were involved and three replicates of each.
Five expvosed males were placed in breedina bottles with five viragin Muller-5
females. Their progeny were examined, aml then one heterozygous female and
five Muller-5 males were placed together in each of 50 breeding hottles per
replicate to provide an F . (This techniague varies, it wil- be noted, from
the more common orocedurezof placing a single exnosed male in a breeding
bottle. The argument against the use of five is that it is not clear how
many exposed chromosomes are being tested, because the Tatinq behavior of
the individual flies cannot be determined.) Both "treated” groums exhibited
effects consistent with the induction of sex-linked lethal mutations; that
is, 5.5 and 4.7% of the cultures at the 45- and 75-Hz regimens lacked males
(evidence >f a sex-linked lethal mutation), whereas all control cultures
contained males. There was, however, a diminution in the overall numbers

of F females in the "treated" grcups with wild=-type males, compared with
the f't:reated" cultures without wild~-tyve males; this led the investinators
to suggest that their results were best explained by either the occurrence
of a delayed dominant mutation or a procedural artifact. 'The authors did
not favor the latter possibility, but exhibited an almost equal reluctance
to accent the former. They arqueed that, in the absence of an a priori ot
physical reason to exwmect such a large mutagenic effect from electromaanetic

fields of such low strenaths, their results required confirmation in much

larger semples and uemorstration that the effect is dose-related.

A Y
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The obviously important biologic implications of Coate and Weaherbon's
2
study prompted work by others. Bender exposed D. melanogaster males for 48 h

to electromagnetic fields with the same properties as those used by Coate

and Negherbon. They were then mated to Muller-5 females, and 585 exnosed

X chromosomes were studied (with 294 control X chromosomes). Cultures that
lacked wild-type males {evidence of a sex-linked lethal mutation) cccurred

in both the control anmd the experimental groups (41 control cultures, 35
cultures at 45 Hz, and 38 cultures at 75 Hz). These differences were not
found to be significant. Maintenance of the cultures for two additional aen-
erations did not suggest that these mutations were semilethal. Bender con-
cluded, therefore, that such weak ELF fields have no mutagenic effect.

The neatest and most comprehensive Drosophila experiments were those of
Mittler.la'l9 He exposed adult Drosophila males with a genetically labeled
X chromosome for 5 days to 75-, 60-, or 45-Hz, 10-V/m, and 1-G electromaanetic
fields. They were then mated to females that had a differently labeled X
chromosome and were homozygous for eve-color mutants Known to be on chromo-
somes IT and III in such a manner as to obtain threc different broods of
flies. His experimental desian made it possible to identify five different
genetic events: the occurrence of sex—linked recessive lethals, trans-
locations between chromosomes IT and 1II, los:s of the X or Y chrorosome,
nondisjunction, and dominant lethals. He found a0 increasa in anv of these
events at any of the three freguencies tested. 1In earlier experiments,
Mittler18 had examined the effect of stronaetr maanetic fields (11,000 G) ard
x irradiation sinaly and together on the mutation rate in Oregon-R males.
The experimental procedure involved mating the exposed males to Muller-5S
females, isolating F females, amd examining their offspring for evidence of

1
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recessive sex-linked lethals. The frequencv of recessive sex-linked lethals
in males exposed to the magnetic field alone was 0.11% (Oreaon-R moles are
reported to have a soontaneous rate of recessive sex-linked lethals of 0.09%).
Males exposed to 3,300 roentgens of x ray had a rate of 9.29% sex-linked le-~
thals; whereas males exposed to both x ray (3,300 roentgens) and a stationary
(DC) magnetic field (11,000 G) had a rate of 9.08%. These experiments not
only failed to suqgest an effect of magnetism alone or its ability to poten-
tiate an x ray ecfect; they also provided evidence that there is no pro—
cedural error, because the rates of x-rav-induced sex-linked lethals were in
accord with extensive prior experience.

Other studies on the mutagenic effects of strong magnetic fields have

had less important results. The relevance of most of these studies is moot,

both because of the field strenaths and because tre fields have been induced
by DC rather than AC. We shall, however, examine them briefly for whatever
merit they may have. Close and Beischer4 reported no evidence of mutagenicitv
in Drosophila exposed to fields of up ro 120,000 G for up to 1 h. Similarlv,
Mulay and Mulay20 failed to observe effects on Drosophile exnosed to fields of
100-40V0 oersteds (7,960-31,630 A/m) for one to three aenerations. Teqenkavno,z4
however, also working with Drosoohila, reported both specific mutations and
deviations in the sex ratio in the offsnrina of flies exposed to fields of uo
to 520 oersteds (41,380 A/m) for 24 h. Levenqocdlé'15 used a magnetic orobe
and claimed to find altered develoomental times in Drosoohila that emeraed
from "treated” pupae. This alteration, exoressed onlv through exnosed male
pupae, was said to persist throuagh many (up to 30) generations after exposure,
but gradually diminish in importance with time. No simole chromosomal aenetic

mechanism can be advanced to account for these findings; indeed, thev are
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even inconsistent with the results anticipated on the basis of cytoplasmic
22
inheritance. More importantly, Posch has also studied the effects of brief

|
periods of treatment of Droscphila pupae with a magnetic probe. The exposure
et AT St ;

time and techriques were similar to those of Levengood. WNo effect was dis-

cerned in either the exposed organisms or their progeny. Finally, G8tz and
) - 8’9 ‘(
Gotz have exsmined the effect of very-low-frequency maanetic fields on

progeny yield and sex ratio in Drosophila. Flies were raised in steady or 1

; rotating homogeneocus 9.6 kHz magnetic fields of about 2.5 G——-a field strength

;;‘x more similar to that which will obtain with Seafarer than were tne field .

f“ strengths in the experiments previously described. They fourd no sianificant |
1

Lj-f increase in progeny vield or alteration in the sex ratio; their resuits ex- "4

cluded, they asserted, a genetic hazard of the maaqnitude that had oreviously

been regarded as occurrim in a frequency-modulated high-freauency field.
So far as we know, soecific-lccus studies have not been undertaken on
any mammals. However, a number of mltiqenérational studies on mice and rats

i 12
have been reported. Knickerhocker, Kouwenhoven, and Barnes exposed 22 male

o b a5 Lt T NPt Ly o, b SR DR s B e T

§§ﬁ nice to a 60-Hz field energized to 160 kV/m; in the course of 10.5 months, §
t : each animal accumulated an exposure time ¢f nearly 1,500 h. No untoward }
E;‘ effect of exposure was observed in the exposed animals, nor was there an

E “, effect on their ability ww reproduce. Their male progeny, however, were

‘[iu consistently slightly lower in weight than the younqg of control males; their :
E ‘i female progeny were not so affected. The significance of this is uncertain

' * and, indeed, was questioned by the authors. The field strenath was very larae; ‘
’ ' when the animals stood up, corone was heard. Furihermore, the exposed animals

e

did nct drink during the exposure period, because of electric shocks from the
water bottle; the expusure period was interrupted for 40 min to Ailow the
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animals to drink water. Control animals had water available ad lib. Exvosed
arid control progeny were kept in different parts of the room; the exposid
qgroup faced a window, the controls a wall. Marino, Becker, and Ullrich °
have examined the effect of continuous exposure to low-frequency electric
fields over three generations of Ha/ICR mice. Three groups were involved;

a control, a horizontally exposed group (60 Hz at 10 kV/m), and a vertically
exposed group (60 Hz at 15 kV/m). Random sammles were drawn from each gen-
eration of animals to produce the next. The authors found no consistent
effect on litter size, but reported an increase in mortality (in the vertical
field only) and a decrease in weight gain (again, largely in the vertical
field). The significance of these findinos is compromised by an obvious flaw
in the experiment: mice in the vertical fields were exposed to steady-state
inductively coupled microcurrents of 5 uA when either eating or drinking, be-
cause of grounding; the transient discharges, wvarticularly for the vertical
field, were probably perceptible and would result in a decrease in water con-
sumption. There was a relatively high mortality of mice in the vertical fields

(0% F , 58% F , 38% F ); if the mothers were reluctant to drink, then a carry-

1 2 3
over tu nursing could be expected. In two series (F and F ), the horizontal-
1 2
field wice weighed less than controls (p < 0.001); in the third (F ), the

3
horizontal-field mice averaged more than controls. Thus, it seems that expo~

sure to vertical fields resulted in fewer offsprina and offspring with lower
growth rates; whether the growth rate was related to the ELF field itself
or to secondary factors cannot be evaluated.

Baum and his associatesl have studied the effect of continuous exposure

to pulsed electromagnetic radiation (peak field intensity, 447 kV/m) on

Sprague-Dawley rats. With expodure for 94 wecks, they observed no effect on
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reproductivity; nor did they observe any abnormalities in the progeny.

Parenthetically, they observed no increase in the frequency of chromosomal

aberrations in the exposed animals, compared with the control grouo.
13
Finally, Krueger and his colleagues have investigated the effects of ]

LETLF AN Y

|

|

E electromagnetic fields on fecundity in chickens. One experiment involved an
3 ELF electric field at a frequency of 60 Hz and a calculated electric field

L

of 1,600 V/m, and another involved a low-frequency magnetic field at 60 Hz and K

RSO P

a field strength between 1.0 and 2.0 G. They recorded no consistent effect

of - wr €leld on fertility, hatchability, or sex ratio. No macroscopic
abnormalities attributable to these fields were detected. i
2
Conclusion ‘

On both theoretical and experimental grounds, we believe that ELF fields
are not likely to constitute a genetic hazard. The few exneriments that have 4

indicated possible effects have aqenerally been poorly designed and have not 4

yielded the same results on repetition. On the basis of a careful search

e

R ek - SUC T NRRIPYL SO %,
3 . g

and evaluation of the literature on this subject, it seems most improbable i

that additional studies would alter our conclusion. ;
. 2 [
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Fertility, Growth, and Development

Developing organisms may be more sensitive to environmental conditions i

than adults. The Committee reviewed reports concerned with possible alter~

LR SF AR S P

ations in animal fertility, growth, and development that might be caused by

..

ELF fields. Table 10 summarizes the data from several experiments.

"4 densities within the organisms and at their surfaces. It is even more difficult
‘1' to determine the gradients of the fields, which might well be crucial. Animals
¥ immersed in conductive media (e.g., water) are clearly special cases. Current
densities in animals in contact with high-admittance surfaces or in small
quarters, where animal size and movement alter fields qrossly, are significantly
indeterminate in field expression. This table, therefore, should not be con-
& strued as a comparison of equivalent expressions in terms of gross field.

; b 18
: “Attempted replication of work by Noval et al.

TABLE 10 :

i

Experiments on ELF Effects on Fertility, Growth, and Development ]%

a Effect i

Field Intensity Animal Reported Investigators i*

4 9 ;
¥ 160 kV/m (air) Mice No Knickerbocker §5- al. ;
l [

,3 15 kv (air) Rats Yes Marino et al.
SO 5 |
B 1-5 kV/m (air) Rats Yes Dumanskiy et al. i
“ 10,11
‘; 1.4-3.6 kV/m (air) Chicks Yes Krueqer et al. X
2 6 ‘
4 0.001-3.6 kV/m (air) Chicks No Durfee et al.
73 18 5
t 0.1-100 V/m (air) Rats Yes Noval et al.
i b 16, b :
l 2-100 V/m (air) Rats No Mathewson et al. :
?j 100 V/m (air) Rats No Dumanskiy et al. /
: 12

1% 100 V/m (air) Mice No Krueger and Reed .;
3 |
b 10 and 20 V/m (clay) Rats No Coate and Reno i
f. 17 :
i 12.5 amd 25 V/m (water) Tadpoles Yes McKinney ,
i 7
M 0.1 and 1 V/m (water) Tadpoles No McKinney
3
y These values are given as specified by the investigators. However, comparison
£ is very difficult, because the experiments are often designed and reported in ]
H terms that make it virtually impossible to estimate electric fields and current §
1

i
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Mammals
§5£98ures to 160 kv/m. In a study by Knickerbocker, Kouwenhoven, and

Barnes, 22 male mice were expoced to a 60-Hz field of 160 kV/m for 6.5 h/day,
except on weekends and holidays, for a total of 1,500 h during the course of
10.5 months. Each male was bred with two virgin females over month, and eiqht
of the litters produced each month were studied after beina trimmed to four
paps each. The weight of each mouse was recorded weekly from birthk to 90
days of age. No alterations were observed in the general health, hehavior,
or reproductive ability of the exoosed animals. Necropsies performed after
exposure failed to show any pathologic changes.

The number of litters per month did not differ between exvosed and con-
trol groups, except for a decrease in the number of litters from exposed males
in the second month of breeding, which did not appear again when this vhase of
the study was repe